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Preface 


Since its invention by the Russian botanist Mikhail Semyonovich Tsvet in 1901 [1], 
chromatography has evolved into a flexible analytical technique of which there are many 
permutations with various applications both in academia and industry, and is 
considered the most versatile of all methods of chemical analysis. Chromatography is 
used in the separation of compounds according to their distribution between two phases. 
The compound mixture is dissolved in a fluid known as mobile phase, which carries it 
through a structure holding another material known as stationary phase. The various 
constituents of the compound mixture travel at different speeds due to differences in the 
compound's partition coefficient which allows the separation based on differential 
partitioning between the two phases resulting in differential retention on the stationary 
phase, thus performing the separation. Nowadays, the use of chromatography is 
associated with a wide range of detection systems, including electrochemical, 
photometric and mass spectrometry, and plays a vital role in the advancement of 
science. The authors of Chromatography - the Most Versatile Method of Chemical Analysis 
have contributed chapters which focus on purification, analysis, models, retention 
parameters and sample preparation with different applications in biotechnology, 
ecology, environment, food and toxicology. Finally, I am most happy to have received 
contributions from internationally renowned contributors from different parts of the 
world join us to report on their traditional and innovative approaches, as well as reviews 
of the most relevant and impacting aspects of chromatography. I hope that readers of 
this book will find new ideas, approaches and inspiration to solve separation problems. 
Finally, I would like to thank all the authors and Mr. Oliver Kurelic for their 
contributions and their cooperation throughout the previous year. 


Leonardo de Azevedo Calderon 

Centro de Estudos de Biomoléculas Aplicadas a Saude 
Universidade Federal de Rondénia 

Fundagao Oswaldo Cruz , Porto Velho, 

Brazil 


[1] Heftmann, E. (1983). History of chromatography and electrophoresis. Journal of 
Chromatography Library 22(A): A19-A26. 
http://dx.doi.org/10.1016/S0301-4770(08)60863-5 
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1. Introduction 


Snake venoms are a complex mixture of compounds with a wide range of biological and 
pharmacological activities, which more than 90% of their dry weight is composed by 
proteins, comprising a variety of enzymes, such as proteases (metalo and serine), 
phospholipases Az, L-aminoacid oxidases, esterases, and others [1-5]. A great number of 
proteins were purified and characterized from snake venoms [1, 2]. Some of these proteins 
exhibit enzymatic activity, while many others are non-enzymatic proteins and peptides. 
Based on their structures, they can be grouped into a small number of super-families based 
on remarkable similarities in their primary, secondary and tertiary structures, however 
showing distinct pharmacologic effects [3]. 


One of the most important protein super-families present in snake venoms are the 
phospholipases Az (PLA2, E.C. 3.1.1.4), a class of heat-stable and highly homologous 
enzymes, which catalyse the hydrolysis of the 2-acyl bond of cell membrane phospholipids 
releasing arachidonic acid and lysophospholipids (Figure 1). These proteins are found in a 
wide range of cells, tissues and biological fluids, such as macrophages, platelets, spleen, 
smooth muscle, placenta, synovial fluid, inflammatory exudate and animal venoms. There is 
a high medical and scientific interest in these enzymes due to their involvement in a variety 
of inflammatory diseases and accidents caused by venomous animals. Since the first PLA2 
activity was observed in Naja snake venom, PLAzs were characterized as the major 
component of snake venoms, being responsible for several pathophysiological effects caused 
by snake envenomation, such as neurotoxic, cardiotoxic, myotoxic, cytotoxic, hypotensive 
and anti-coagulant activities [1-10]. 
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Phospholipases constitute a diverse subgroup of lipolytic enzymes that share the ability to 
hydrolyse one or more ester linkages in phospholipids, with phosphodiesterase as well as acyl 
hydrolase activity. The amphipathic nature of phospholipids creates obstacles for the enzymes, 
as the substrates are assembled into bilayers or micelles and are not present in significant 
amounts as a single soluble substrate [11]. According to Waite [12], all phospholipases target 
phospholipids as substrates, they vary in the site of action on the phospholipid molecule, their 
function and mode of action, and their regulation. Phospholipases function in various roles, 
ranging from the digestion of nutrients to the formation of bioactive molecules. This diversity 
of function suggests that phospholipases are relevant for life; the continuous remodelling of 
cell membranes requires the action of one or more phospholipases. The most common 
phospholipids in mammalian cells are phosphatidylcholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI) and phosphatidylethanolamine (PE). The plasma membrane of most 
eukaryotic cells contains predominantly PC and sphingomyelin in the outer leaflet, and PI, PE 
and PS in the inner leaflet [11]. 


Figure 1. Phospholipase hydrolysis specificity sites in a 1,2-diacylglycerolphospholipid molecule 
(structure design from the ACD/I Lab. via Chem. Sketch — Freeware Version 1994 — 2009 software). 


Phospholipases are classified according to their site of action in the phospholipid molecule. 
Thus, a phospholipase Ai (PLA1) hydrolyzes the 1-acyl group of a phospholipid, the bond 
between the fatty acid and the glycerine residue at the 1-position of the phospholipid. A 
phospholipase Az (PLA2) hydrolyzes the 2-acyl, or central acyl, group and phospholipases C 
(PLC) and D (PLD), which are also known as phosphodiesterases, cleave on different sides 
of the phosphodiester linkage (Figure 1). The hydrolysis of a phospholipid by a PLAi or a 
PLA: results in the production of a lysophospholipid. The phospholipase metabolites are 
involved in diverse cellular processes including signal transduction, host defense (including 
antibacterial effects), formation of platelet activating cofactor, membrane remodeling and 
general lipid metabolism [12-14]. 
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According to the latest classification [6], these proteins constitute a superfamily of different 
enzymes belonging to 15 groups and their subgroups including five distinct types of 
enzymes: the ones called secreted PLA2 (sPLAz), the cytosolic (CPLA2), the Ca** independent 
(iPLA2), the acetyl-hydrolases from platelet activating factors (PAF-AH) and the liposomal. 
The classification system groups these enzymes considering characteristics such as their 
origin, aminoacid sequence and catalytic mechanisms, among others. 


The sPLA2s have a Mr. varying from 13,000 to 18,000, usually containing from 5 to 8 
disulphide bond. They are enzymes that have a histidine in the active site and require the 
presence of the Ca** ion for the catalysis. Phospholipases Az from the IA, IB, IIA, IIB, IIC, 
IID, IE, IIF, III, V, IX, X, XIA, XIB, XIL, XIII, XIV groups are representative of the sPLA2s. The 
cPLAgs are proteins with Mr between 61,000 to 114,000 that also use a serine in the catalytic 
site (groups IVA, IVB, IVC, IVD, IVE, IVF). The iPLA2zs are enzymes which also use a serine 
for catalysis (groups VIA-1, VIA-2, VIB, VIC, VID, VIE, VIF). The PAF-AH are 
phospholipases A2 with serine in the catalytic site that hydrolyze the acetyl group from the 
sn-2 position of the platelet activating factors (PAF), whose representative groups are VIIA, 
VIIB, VIIA, VIIB. The liposomal PLA:zs are assembled in group XV and are enzymes with an 
optimum pH close to 4.5 that have preserved histidine and aspartate residues, suggesting 
the presence of the catalytic triad Ser/His/Asp and also a supposed sequence N-terminal 
sign and N-bond glycosylation sites [6]. 


With the discovery of a great variety of phospholipase Az in the last decade and the present 
expansion of the research in the area, more PLA2s should be discovered yet. Phospholipase 
Az found in snake venoms (svPLAzs) are classified into groups I and II. The phospholipase 
Az from group I have two to three amino acids inserted in the 52-65 regions, called “elapid 
loop”, being isolated from the snake venoms of the Elapidae family (subfamily: Elapinae 
and Hydrophiinae). The ones from group II are characterized by the lack of the Cys11-Cys77 
bond which is substituted by a disulphide bond between the Cys51-Cys133, and besides that 
had five to seven amino acids extending the C-terminal regions, being bound in snake 
venoms of the Viperidae family (subfamily Viperinae and Crotalinae) [15,16]. 


The myotoxic PLAos of the IIA class have been subdivided in two main groups: The Asp49, 
catalytically active; and the Lys49, catalytically inactive. The essential co-factor for the 
phospholipase Az catalysis Ca2+. The phospholipase Az Asp49 require calcium to stabilize 
the catalytic conformation, presenting a calcium bond site that is constituted by the B- 
carboxylic group of Asp49 and the C=O carbonylic groups of the Tyr28, Gly30 and Gly32. 
The presence of two water molecules structurally preserved complete the coordination 
sphere of Ca?* forming a pentagonal pyramid [9,15]. 


The catalytic mechanism of the PLA2phospholipid involves the nucleophilic attack of a 
water molecule to the sn-2 bond of the phospholipid substrate (Figure 2). In the proposed 
model, the proton from position 3 of the imidazole ring of the His48 residue involved in a 
strong interaction with the carboxylate group of the Asp49 prevents the imidazole ring 
rotation to occur and keeps the nitrogen at position 1 of this ring, in an appropriate special 
position. A water molecule then promotes the nucleophilic attack to the carbon of the ester 
group of the substrate and, at this moment, the imidazole ring of the His48 receives a proton 
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from the water molecule, favoring the reaction. Subsequently to the acyl-ester bond 
hydrolysis at the sn-2 position of the phospholipid, this proton is donated by the imidazole 
ring to the oxygen, which then forms the alcohol group of the lysophospholipid to be 
released together with the fatty acid [15,17]. 


The Ca” ion, coordinated by the Asp49 residue, a water molecule and the oxygen atoms 
from the Gly30, Trp31 and Gly32 (not shown), are responsible for the stabilization of the 
reactive intermediary [15]. 
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Figure 2. Schematic representation of the catalysis mechanism proposed for the PLA2s. Interaction of 
the residues from the catalytic site of sPLA2s and the calcium ion with the transition state of the catalytic 
reaction in which a water molecule polarized by the His48 and Asp99 residues binds to the carbony] 
group of the substrate [18]. 


The substitution of the Asp49 residue by the Lys49 significantly alters the binding site of Ca?* 
in the phospholipase Az, preventing its binding and resulting in low or inexistent catalytic 
activity. Thus, the Asp49 residue is of fundamental importance for the catalytic mechanism of 
the phospholipase Ao. It is likely that this occurs due to its capability of binding and orienting 
the calcium ion, however, there is no relevant difference between Asp49 and Lys49 in relation 
to the structural conformation stability of these enzymes [9,15,19]. 


The absence of catalytic activity does not affect myotoxicity. Most snake PLA2s from the 
Bothrops genus already described are basic proteins, with isoelectric point between 7 to 10, 
showing the presence or absence of catalytic, myotoxic, edematogenic and anticoagulating 
activities [9,20]. 
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On the other hand, acid PLA:»s present in Bothrops snake venoms were not studied as well 
as basic PLAzs, resulting in little knowledge regarding the action mechanism of these 
enzymes [21-25]. 


PLAvs catalytic activity represents a key role in envenomation pathophysiology, however, 
recent studies have shown that some effects are independent of PLAgs catalytic activity, 
such as myotoxicity [19,26]. The absence of a tight correlation between PLA2 catalytic and 
non-catalytic activities, together with the diversity of biological effects produced by these 
proteins increases the scientific interest in the understanding of the structural basis of PLA2z 
mechanisms of action. 


Evidences suggest that these activities can be mediated by interactions between PLA2s and 
endogen acceptors on the target cell membrane [27-29]. 


2. PLA2 purification 


Snake venom components, obtained with high degree of purity, could be used for the 
understanding of the role of these components in the physiopathological processes resulted 
from poisoning, as well as biotechnological/nanotechnological applications. Hence, many 
purified PLA2s from snake venoms, as well as epitopes of these molecules, are being 
mapped in order to identify determinants responsible for the deleterious actions seen, as 
well as possible applications in biotechnological models. 


New advances in materials and equipments have contributed with protein purification 
processes, allowing the obtaining of samples with high degree of purity and quantity. These 
advances have allowed process optimization, providing reduction of steps, reagents use and 
thus avoiding the unnecessary exposure to agents that may, in some way, alter the sample’s 
functionality or physical-chemical stability. 


Thus, the selection of adequate techniques and chromatographic methods oriented by 
physical chemical properties and biological/functional characteristics, are of fundamental 
importance to obtain satisfactory results. The information pertinent to protein structure, 
such as the homology to others already purified, should be taken into consideration and 
could make the purification processes easier. 


Ion exchange chromatography was introduced in 1930 [30] and still one of the main 
techniques used for protein purification. It has been extensively used in single step 
processes as well as associated to other chromatographic techniques. Ion exchange 
chromatography allows the separation of proteins based on their charge due to amino acid 
composition that are ionized as a function of pH. 


Proteins with positive net charge, in a certain pH (bellow their isoelectric point), can be 
separated with the use of a cation exchange resin and on the other hand, proteins with 
negative net charge in a pH value above their isoelectric point, can be separated with an 
anion exchange resin. 


5) 
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Scientific publications have shown that the use of cation-exchange resins is a very efficient 
method to obtain PLA2s from bothropic venoms, particularly those with alkaline pH (Table 1). 
The versatility of this technique can be observed in the work done by Andriao-Escarso et al. 
[21] who compared the fractioning of many bothropic venoms. In this work, the venoms were 
fractioned in a column containing CM-Sepharose® (2 x 20 cm), equilibrated with ammonium 
bicarbonate 50 mM pH 8.0 and eluted with a saline gradient of 50 to 500 mM of the same 
reagent. Under these conditions, MjTX-I and MjTX-II from B. moojeni snake venom were co- 
purified (isoforms of PLAz2 with pls of 8.1 and 8.2 values, respectively). The same occurs with 
B. jararacussu venom, where the BthTX-I and BthTX-II were purified. However, the most 
expressive result was observed with B. pirajai venom, from which 3 isoforms of myotoxins, 
called as PrTX-I (pI 8.50), PrTX-II (pI 9.03) and PrTX-III (pI 9.16) were purified. In the above 
cases, it is important to note that the protein elution occurs always following pls increasing 
value. In our lab we used this technique routinely in order to isolate myotoxins from bothropic 
venoms, which can be observed in the chromatograms shown in Figure 3. 
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Figure 3. Chromatographic profile using CM-sepharose® Column 1ml (Hitrap) equilibrated with Tris 
50 mM buffer (buffer A) and eluted with a linear gradient of Tris 50 mM/NaCl 1 M (buffer B) in pH 8.0. 
A. Chromatography of the crude venom from Bothrops brazili B. Chromatography of the crude venom 
from Bothrops moojeni C. Chromatography of the crude venom from Bothrops jararacussu. Absorbance 
read at 280 nm. ,2,3,4,5 and 6 marks indicate the fractions corresponding to the PLA2s of each venom. 
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Access 
Species PLA; PLA2 MW pl Number Purification strategy Ref. 
Activity (kDa) 5 
(Uniprot) 
Agkistrodon bilineatus —|PLA2 Absence 14.0 10.2 Q9PSF9 Gel filtration chromatography on Sephadex G-75® and 78 
then submitted to ion-exchange on CM-Cellulose® 
column. 
Agkistrodon contortrix —|PLA2 Presence 14.0 Ion-exchange chromatography on DEAE-Cellulose® 79 
contortrix column, followed by affinity chromatography with 
immobilized BSA and then submitted to gel filtration on 
Cellulofine GCL-2000® column. 
Agkistrodon contortrix |MT1 Absence 14.0 9.0 49121 Anion-exchange chromatography on Waters DEAE- 80 
laticinctus 5PW® column and then submitted to cation-exchange on 
Protein Pak SP-SPW® column. 
Agkistrodon contortrix |ACL-I Presence 14.0 Gel filtration chromatography on Superdex-200® column 81 
laticinctus and then submitted to ion-exchange on CM-Sepharose 
FF® column. 
Atropoides nummifer Myotoxin IH |Absence 16.0 Cation-exchange chromatography on CM-Sephadex C- 82 
25® column. 
Atropoides nummifer Myotoxin I Absence 16.0 Cation-exchange chromatography on CM-Sephadex C- 83 
25® column. 
Atropoides nummifer Myotoxin II |Absence 13.7 8.7 P82950 | Cation-exchange chromatography on CM-Sephadex C- 84 
25® column. 
Bothriechis (Bothrops) _|Miotoxina II |Presence 15.0 >9.5 P80963 | Ton-exchange chromatography on CM-Sephadex® 85 
schlegelii column. 
Bothrocophias hyoprora |PhTX-I Presence 14.2 Reverse Phase chromatography on Bondapack® C-18 86 
column. 
Bothropoides insularis _ |S1I-SPVI Presence 15.0 Gel filtration chromatography on Sephadex G-150® 87 
column and then submitted to SP-Sephadex C25® 
column. 
Bothropoides insularis | BinTX-I Presence 13.9 5.0 Q8QG87 |Reverse Phase chromatography on Vydac® C18 column. 88 
BinTX-II Presence 13.7 4.4 P84397 
Bothropoides insularis _|Bi PLA2 Presence 13.9 8.6 Gel filtration chromatography on Superdex 75® column 89 
and then submitted to cation-exchange on Protein pack 
SP-5PW® column and Reverse Phase chromatography on 
u-Bondapack® C18 column. 
Bothropoides jararaca |BjPLA>2 Presence 14.0 P81243 — |Ion-exchange chromatography on DEAE Sephacel® 90 
column and then submitted to Reverse Phase 
chromatography on Ultrapore RPRC-C3® column. 
Bothropoides jararaca |PLA2 Presence 14.2 4.5 Q9PRZO |Gel filtration on Sephacryl S-200® column and then 91 
submitted to reverse phase on Pep-RPC HR 5/5® column. 
Bothropoides pauloensis |\BpPLA2 Presence 15.8 4.3 DOUGJO |Cation-exchange chromatography on CM-Sepharose® 23 
column followed by Phenyl-Sepharose CL-4B® column 
and then submitted to reverse phase chromatography on 
C8 column. 
Bothropoides pauloensis |BnSP-7 Absence 13.7 8.9 Q9IAT9 |Cation-exchange chromatography on CM-Sepharose® 26 
column or heparin agarose® column. 
Bothrops alternatus BA SpII RP4_ |Presence 14.1 4.8 P86456 —|Gel filtration chromatography Sephadex G-75® column 92 
followed by reverse phase chromatography on C18 column. 
Bothrops alternatus PLA Presence 15.0 5.0 Gel filtration chromatography on Sephadex G-50® 93 
column followed by ion-exchange on SP Sephadex C-50® 
column and then submitted to gel filtration 
chromatography on Sephadex G-75® column. 
Bothrops alternatus BaTX Absence 13.8 8.6 P86453 = |Gel filtration chromatography on Superdex 75® column 94 
followed by reverse phase chromatography on kt- 
Bondapack® C18 column. 
Bothrops asper MTX-I Presence 14.1 8.1- 8.3 Ion-exchange chromatography on CM-Sepharose® 95 
MTX-II Absence 14.2 8.1-8.3 column followed by hydrophobic interaction 
MTX-III Presence 14.2 8.1-8.3 chromatography on Phenyl-Sepharose® column. 
MTX-IV Absence Nd 8.1- 8.3 
Basp-I-PLA _|Presence 14.2 4.6 
Bothrops asper Myotoxin I Presence 10.7 nd Jon-exchange chromatography on CM-Sephadex C-25® [7] 
column followed by gel filtration chromatography on 
Sephadex G-75® column. 
Bothrops asper Myotoxin II |Absence 13.3 nd P24605 = |Ion-exchange chromatography on CM-Sephadex C-25® [96] 
column. 
Bothrops asper Myotoxin III |Presence 13.9 >9.5 P20472 ~—|Ion-exchange chromatography on CM-Sephadex C-25® [97] 
column. 
Bothrops asper Myotoxic Presence 14.1 nd Gel filtration chromatography on Sephadex G-75® [98] 
PLA; followed by ion-exchange chromatography on CM- 
cellulose® column. 
Bothrops asper BaspPLA >-II__|Presence 14.2 4.9 P86389 |Ion-exchange on CM-Sephadex C-25® followed by [22] 
chromatography on DEAE Sepharose® column, active 
fractions subjected to reverse phase chromatography on 
C8 column and finally chromatography with CM- 
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Bothrops atrox BaPLAgI Presence 15.0 9.1 Gel filtration chromatography on Sephacryl S-100 HR® [99] 
BaPLA; II Presence 15 6.9 column followed by reverse phase on C4 column. 
Bothrops atrox Basic Presence 13. Ion-exchange chromatography on CM-Sephadex C-25® [32] 
Myotoxin column and then re-chromatographed on the same column 
and same conditions. 

Bothrops atrox Myotoxin I Absence 13.8 8.9 Q6JK69 |Ion-exchange chromatography on Carboximetil-Sephadex | [100] 
C-25® followed by reverse phase chromatography on C8 
column, 

Bothrops brazili MTX-I Presence 14.0 Ion-exchange chromatography on CM-Sepharose® [101] 

MTX-II Absence 14.0 column. 
Bothrops brazili BbTX-II Absence 13.9 8.7 Reverse phase chromatography on C18 column. [102] 
BbTX-III Presence 13.6 8.4 

Bothrops erythromelas _ |BE-I-PLA Presence 13.6 Gel filtration chromatography on Superdex 75® followed | [103] 
by chromatography on monoQ® column, fractions being 
subjected to reverse phase chromatography on C4 column 
afterwards. 

Bothrops jararacussu BthTX-I Absence 13.0 8.2 Q90249 |Gel filtration chromatography on Sephadex G-75®, [34] 

BthTX-II Presence 13.0 P45881 | followed by cation-exchange chromatography on SP- 
Sephadex C-25® column. 

Bothrops jararacussu BJIV Presence 15.0 POCAR8 |Ion-exchange chromatography on Protein Pack SP SPW® | [104] 
column followed by reverse phase chromatography on p1- 
Bondapack® C18 column. 

Bothrops jararacussu BthA-I-PLA, |Presence 137 4.5 Q8AXY1 |Ion-exchange chromatography on CM-Sepharose® [58] 
column, followed by reverse phase chromatography on 
C18 column. 

Bothrops jararacussu SINSPHA Presence 15.0 5.3 Gel filtration chromatography on Sephadex G-75® [105] 

SIISPHB Presence 15.0 5.3 column, followed by ion-exchange chromatography on 
SINISPIHIA Presence 15.0 5.3 SP-Sephadex C-25® column, and finally HPLC on C18 
STISPHIB Presence 15.0 5.3 column. 
Bothrops lanceolatus PLA2-1 Presence 15.0 5.3 Reverse phase chromatography on Lichrosfera RP100® [106] 
PLA2-2 Presence 13.0 5.3 C18 column. 
PLA)-3 Presence 18.0 5:3. 
Bothrops leucurus BLK-PLA; Absence 14.0 P86974 —_‘|Gel filtration chromatography on Sephacryl S-200®, [38] 
BLD-PLA; Presence 14.0 P86975___|followed by ion-exchange on Q-Sepharose and then 
submitted to reverse phase chromatography on HPLC 
Vydac® C4. 

Bothrops leucurus BI-PLA2 Presence 15.0 5.4 PODJ62 _|Ion-exchange chromatography on CM- Sepharose® [43] 
column, followed by hydrophobic interaction 
chromatography on Phenyl-Sepharose® column. 

Bothrops marajoensis BmjeTX-I Presence 13.8 P86803 _|Ion-exchange chromatography on Protein Pack SP SPW®, 107 

BmjeTX-II Presence 13.8 P86804 | followed by reverse phase chromatography on l- 
Bondapack® C18 column. 

Bothrops marajoensis BmarPLA; Absence 14.0 nd PODI92 _|Ion-exchange chromatography on Protein Pack SP 5PW®, 108 
followed by reverse phase chromatography. 

Bothrops marajoensis Bmaj-9 Presence 13.7 8.5 B3A0N3_|Reverse phase chromatography on ,\-Bondapack® C18 109 
column. 

Bothrops moojeni BthA-I Presence 13.6 D.2. G3DT18 |Ion-exchange on CM-Sepharose® column, followed by [24] 
hydrophobic interaction chromatography on Phenyl- 

Sepharose® column. 
Bothrops moojeni MjTX-III Absence 14.6 Gel filtration chromatography on Superdex -75XK® 110 
MjTX-IV Absence 14.6 column, followed by reverse phase chromatography on 
C18 column. 
Bothrops moojeni MjTX-I ou Absence 13.4 8.2 P82114 —_|Ion-exchange chromatography on CM-Sepharose® [26] 
Miotoxina-I column. 

Bothrops moojeni MjTX-II Absence 14.0 8.2 Q91834 — |Ion-exchange chromatography on CM-Sepharose® 111 
column, 

Bothrops moojeni BmooTX-I Presence 15.0 4.2 Ion-exchange on DEAE-Sepharose®, gel filtration on [42] 
Sephadex G-75® column and hydrophobic interaction 
chromatography on Phenyl-Sepharose®. 

Bothrops moojeni BmTX-I Presence 14.2 78 POC8M1 Reverse phase chromatography on t-Bondapack® C18 112 
column. 

Bothrops moojeni BmooMtx Absence 16.5 Ion-exchange chromatography on DEAE-Sephacel® 113 
column and then submitted to gel filtration on Sephadex 
G-75® column. 

Bothrops pirajai Piratoxin-I Absence 13.8 8.3 P58399 —_‘|Gel filtration chromatography on Sephadex G-75® 114 
column, followed by ion-exchange chromatography on 
Sephadex C25® column. 

Bothrops pirajai Piratoxin-III |Presence 13.8 P58464 —_|Ion-exchange chromatography on semi-preparative u- 115 

ou MPIIT 4R Bondapack® column, followed by ion-exchange 
chromatography on Protein Pack SP SPW® column. 

Bothrops pirajai Bpir-I PLA2___|Presence 14.5 C9DPLS5 |Ion-exchange chromatography on CM- Sepharose FF® [25] 
column, followed by reverse phase chromatography on 
C18 column. 

Bothrops pirajai Piratoxin -II_ |Absence 13.7 9.0 P82287 =‘ |Gel filtration chromatography on Sephadex G-75® [116 


column and ion-exchange chromatography on Sephadex 
C25® column. 
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Cerrophidion goodmani_ |Myotoxin I Presence 14.3 8.2 Jon-exchange chromatography on CM-Sephadex® 117 
Myotoxin II _ |Absence 13.4 8.9 column. 
Cerrophidion goodmani_ |GodMT-II Absence 13.7 Jon-exchange chromatography on CM-Sephadex® 118 
column. 
Cerrophidion goodmani_ |Pgo K49 Absence 13.8 Gel filtration chromatography on Sephadex G-75 HR® 119 
column, followed by reverse phase chromatography on 
Vydac® C8 column. 
Crotalus atrox PLA2-1 Absence 15.3 4.6 Gel filtration chromatography on DEAE-cellulose® 119 
PLA,—2 Presence 15.5 8.6 column. 
Crotalus atrox Cax-K49 Absence 13.8 Q81VZ7_ |Gel filtration chromatography on DEAE-cellulose® 119 
column. 
Crotalus durissus PLA, Presence 15.0 Gel filtration chromatography (pharmacia), followed by 120 
cascavella reverse phase on p1'-Bondapak® C-18 column. 
Crotalus durissus Foa Presence 14.9 5.8 POCAS2 {Reverse phase chromatography on p1-Bondapack® C18 121 
collilineatus column. 
Crotalus durissus Cde-9 Presence 14.1 8.25 P86805 {Reverse phase chromatography on t-Bondapack® C18 122 
Cde-10 Presence 14.2 8.4 P86806 __|column. 
Crotalus durissus Cdcum6 Presence 14.3 Nd POCAS1 Gel filtration chromatography followed by reverse phase 123 
cumanensis chromatography. 
Crotalus durissus PLA2A Presence 14.2 P86169 = |Gel filtration chromatography followed by reverse phase 124 
ruruima chromatography. 
Crotalus durissus Cdr-12 Presence 14.3 8.1 POCAS3_ {Reverse phase chromatography on ,1-Bondapack® C18 121 
ruruima Cdr-13 Presence 14.2 8.1 POCAS4 _|column. 
Crotalus durissus CdtF 16 Presence 14.8 POCAS6 |Gel filtration chromatography on Superdex 75® column, 125 
terrificus followed by reverse phase chromatography on - 
Bondapack® C18. 
Crotalus durissus Crotoxin B Presence 14.5 5.1 Gel filtration chromatography on Sephadex G75® column,| [126 
terrificus followed by chromatography on Mono-Q® and finally 
ion-exchange chromatography followed by DEAE- 
cellulose® column. 
Crotalus durissus CdtF17 Presence 14.6 8.15 POCAS7 Reverse phase chromatography on jt-Bondapack® C-18 127 
terrificus column. 
Crotalus durissus CdtF15 Presence 14.5 8.8 POCASS |Gel filtration chromatography on Superdex 75® column 128 
terrificus followed by reverse phase chromatography on - 
Bondapack® C-18 column. 
Crotalus scutulatus MTX-a 14.5 9.2 P18998 Reverse phase on Vydac® C8 column. 129 
scutulatus MTX-b 14.4 1A P62023 
Lachesis muta LmTX-I Presence 14.2 8.7 P0C942  |Gel filtration chromatography on Superdex 75® column, 130 
LmTX-Il Presence 14.1 8.6 P0C943 | followed by reverse phase chromatography on p- 
Bondapack® C-18 column and finally reverse phase 
chromatography on C8 column. 
Lachesis muta LM-PLA>-I Presence 17.0 4.7 P0C932  |Gel filtration chromatography on Sephacryl S-200® 131 
LM-PLA,-II_ {Presence 18.0 5.4 P0C933 —_|column, followed by reverse phase chromatography on C2 
column and finally reverse phase chromatography on C18 
column. 
Lachesis stenophys LSPA-1 Presence 13.8 ind P84651 —_|Gel filtration chromatography on Sephacryl S-200® 132 
column followed by ion-exchange chromatography using 
MonoQ HR 5/5® column and finally reverse 
chromatography on Sephasil® C-18 column. 
Porthidium nasutum PnPLA; Presence 15.8 4.6 Reverse phase chromatography on C18 column. 133 
Micrurus tener tener MitTx-beta Presence 16.7 G91930 | Reverse phase chromatography on C18 Vydac® column 134 
followed by reverse phase on Vydac® C18 column. 
Micrurus tener PLA2-1 Presence P25072 =‘ |Gel filtration chromatography on Sephadex G-50® 135 
microgalbineus followed by ion-exchange chromatography on CM- 
cellulose column. 
Micrurus pyrrhocryptus |PLA; Al Presence POCAS8 |Gel filtration chromatography on Superdex G 75 HR® 136 
PLA, BI Presence POCAS9 |followed by reverse phase chromatography on Vydac® 
PLA, D5 Presence POCATO |C18 column. 
PLA; D6 Presence POCATI 
Micrurus nigrocinctus Nigroxin A Presence P81166 = |Ion-exchange chromatography on Mono Q FF® column 137 
Nigroxin B Presence P81167 — |followed by reverse phase chromatography on Vydac® C4 
column. 
Micrurus nigrocinctus PLA2-1 Presence P21790 =‘ |Gel filtration chromatography on Sephadex G-75® 138 
Presence P21791 {column followed by ion-exchange chromatography on 
PLA,-3 Presence P21792 CM-cellulose® column. 
Micrurus dumerilli MiDCA1 Presence 15.5 8.0 Reverse phase chromatography on Sephasil Peptide® C18 139 
carinicauda column followed by reverse phase chromatography on kl- 
Bondapak® C18 column. 


Table 1. PLAgs isolated from American snake venoms and respective chromatographic methods used. 


Some authors have proposed changes to the methodology described above. Spencer et al. 
[31] described the purification of BthTX-I with the use of Resourse S® (methyl-sulphonate 
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functional group), equilibrated in pH 7.8 (phosphate buffer 25 mM). Sample elution was 
done in increasing ionic strength conditions (NaCl 0 to 2 M), under 2.5 ml/min flow. In this 
model, the BthTX-I was eluted in NaCl 0.42M with a high degree of purity. However, the 
chromatographic profile in the conditions tested differs significantly from the observed in 
other works that describe the fractioning of this venom. This difference is due to the resin 
composition. This is corroborated with data obtained in experiments performed in our lab, 
where the effect of pH in the separation of myotoxin isoforms from B. jararacussu venom 
was used, as shown in Figures 4. SDS-PAGE showed that fractions corresponding to 
myotoxins showed protein bands with apparent molecular mass compatible with PLAzs 
class II (Figure 5). 
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Figure 4. Chromatographic profile of the B.jararacussu venom in CM-sepharose® column 1 ml (Hitrap) 
equilibrated with Tris 50 mM buffer (buffer A) and eluted with a linear gradient of Tris 50 mM/NaCl 
1M (buffer B) in different pH conditions. A. pH 5.0 B. pH 6.0 C. pH 7.0 D. pH 8.0. Absorbance was read 
at 280 nm. Fractions numbered (1 to 8) indicate the fractions selected for SDS-PAGE analysis in order to 
confirm the presence of PLA2s (BthTx I e BthTx II). 
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Figure 5. SDS Page analysis. Lines 1 and 2 (pH 5.0); 3 and 4 (pH 6.0); 5 and 6 (pH 7.0); 7 and 8 (pH 8.0). 
BthTx I was obtained in high degree of purity with pHs 5.0, 6.0, and 8.0. BthTx II was obtained with pH 
7.0. 


Resolution differences were also observed by other authors. As performed by Lomonte et al. 
[26], the isolation of two basic myotoxins, MjTX-I e MjTX-II, from the B. moojeni venom was 
obtained using CM-Sephadex C-25 equilibrated with Tris-HCl 50 mM pH 7.0 and eluted in 
saline gradient up to 0.75 M of Tris-HCl. Also, Soares et al. [33] described the isolation of 
MjTX-II with high purity using the combination of CM-Sepharose resin and ammonium 
bicarbonate buffer. According to the authors, the increase of pH to 8.0 has favored the 
elution of several fractions, allowing MjTX-II to be eluted separately with ionic strength 
equal to 0.35 M of ammonium bicarbonate. Moreover, the use of CM-Sepharose® seems to 
have also contributed a lot in the increasing of resolution for this chromatographic 
separation. 


The combination of chromatographic techniques has also been used to purify these toxins. 
The association of the lon-exchange chromatography and molecular exclusion has been one 
of the most recurrent in isolation and purification of phospholipases from bothropic 
venoms. Gel filtration chromatography is a technique based in particle size to obtain the 
separation. In this type of separation there is no physical or chemical interaction between 
the molecules of the analyte and the stationary phase, being currently used for separation of 
molecules with high molecular mass. The sample is introduced in a column, filled with a 
matrix constituted by small sized silica particles (5 to 10 um) or a polymer containing a 
uniform net pores of which solvent and solute molecules diffuse. The retention time in the 
column depends on the effective size of the analyte molecules, the higher sized being the 
first ones to be eluted. Different from the higher molecules, the smaller penetrate the pores 
being retained and eluted later. Between the higher and lower molecules, there are the 
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intermediary sized molecules, whose penetration capacity in the pores depends on their 
diameter. In addition to that, this technique has also some very important characteristics, 
such as operational simplicity, physical chemical stability, inertia (absence of reactivity and 
adsorptive properties) and versatility, since it allows the separation of small molecules with 
mass under 100 Da as well as extremely big molecules with various kDa. 


The work performed by Homsi-Brandeburgo et al. [34] is a example of combination of 
different chromatographic techniques for the isolation of myotoxins with PLA2 structure. It 
describes for the first time the BthTX-I purification using the combination of molecular 
exclusion chromatography in Sephadex G-75® resin followed by Ionic exchange 
chromatography in SP-Sephadex C-25®. In the first step, four fractions were obtained, called 
Si, Su, Sm and Srv. The Functional analysis of these fractions showed that the proteolytic 
activity over casein and fibrinogen was detected on fraction Si, while the phospholipase 
activity was concentrated in fraction Sm. The apparent molecular mass profile of this fraction 
showed that it was composed by proteins between 12,900 and 28,800 Da, compatible with 
the mass profile of the class IT PLAos. 


On the second step, Sm fraction was submitted to ionic exchange chromatography and five 
fractions were obtained, identified as SmSPi to SmSPiv. The pls and apparent molecular mass 
evaluation showed the following profile: SmP1 (pI 4.2 and 22.400 Da), SmPu (pI 4.8 and 15.500 
Da), SmPm (pI 6.9 and dimeric structure, each monomer with a molecular mass of 13.900 Da), 
SmPi (pI 7.7 and 13.200 Da) e SmPv called BthTX-I that presented pI 8,2 and 12.880 Da. 
Pereira et al. [35] obtained the complete sequence of BthTX-II, a myotoxin homologous to 
the BthTX-I, which corresponds to the SmSPr fraction described by Homsi-Brandeburgo et 
al. [34]. 


Another chromatographic technique regularly used in PLAzs purification procedures is 
the Reverse-phase associated with High performance liquid chromatography (RP- HPLC). 
This technique is characterized by its high resolution capacity and is normally used in a 
more refined step of the purification process, being very useful in separating isoforms. 
The retention principle of reverse-phase chromatography is based in hydrophobicity and 
is mainly due to the interactions between hydrophobic domains of the proteins and the 
stationary phase. This technique has many advantages, such as: use of less toxic mobile 
phases together with lower costs, such as methanol and water; stable stationary phases; 
fast column equilibrium after mobile phase change; easy to use gradient elution; faster 
analysis and good reproducibility. 


Rodrigues et al. [36] described the isolation of two PLA:zs isoforms from the B. neuwiedi 
pauloensis venom using the combination of ion (cation) exchange chromatography and 
molecular exclusion setting up a preparative phase. Subsequently, a reverse-phase 
chromatography was used for the analytical phase of the procedure. Initially, the venom 
was fractioned in a column containing CM-Sepharose® equilibrated with ammonium 
acetate solution 0.05 M, pH 5.5 and eluted in linear gradient up to 1 M of the same buffer, 
resulting in six fractions. The pH, more acid than the ones used in the work previously 
mentioned, has increased the surface residual charge, intensifying the interaction force 
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between the protein and the resin, thus altering the elution profile when compared to the 
performed by Rodrigues et al. [37]. Proceeding with purification, the sample with 
phospholipase activity (S-5) was submitted to a new fractioning in a Sephadex G-50® 
column yielding 3 fractions, of which the denominated S-5-SG-2 showed catalytic activity. It 
was then submitted to RP- HPLC in C18 column to obtain toxins with high purity degree. 


Also, with the use of a multiple step procedure [38] successfully isolated two isoforms of 
PLAvs from B. leucurus venom. After a first molecular exclusion chromatography using 
Sephacryl S-200®, 7 fractions were obtained, from which the named “P6” showed to be 
composed by proteins with apparent molecular mass bellow 30 kDa, and a major fraction of 
approximately 14 kDa concentrated the phospholipase activity. This fraction was re- 
chromatographed in a Q-Sepharose® resin (ion exchange) and equilibrated with Tris-HCl 20 
mM pH 8.0, yielding 6 fractions. The fraction corresponding to the negatively charged 
fraction was eluted without significant interaction with the resin, hence with a positive 
residual charge (basic pI) was selected, showing to be a homogeneous fraction of 14 kDa and 
presenting phospholipase activity. This fraction was submitted to a RP- HPLC in C4 
column, yielding as result two major fractions with close hydrophobicity (eluted with 33% 
and 36% acetonitrile) and apparent molecular mass of 14 kDa. 


Myotoxins with PLAzs structure from bothropic venoms that have acid pI have being more 
difficult to isolate. Different from cation exchange resins (CM Sepharose®, Resource S® and 
CM Sephadex®), anion exchange resins have not been so efficient in the separation of 
components from bothropic venoms, which requires, complementary steps to obtain these 
toxins with a satisfactory purity degree, as shown in Table 1. 


Daniele et al. [32] described the fractioning of the B. neuwiedii venom using a combination of 
double molecular exclusion chromatography followed by anion exchange chromatography. 
The first step of the molecular exclusion chromatography was done using Sephadex G-50® 
where a single fraction with PLAzs activity was eluted. This fraction was_ re- 
chromatographed in Sephacryl S-200® resin, yielding 2 active fractions. The first fraction 
was re-chromatographed in Mono Q® column (functional group quaternary ammonium) 
yielding a PLAzs named P-3. From the second fraction, submitted to the same 
chromatographic procedure, two other PLA2s isoforms were isolated, named P-1 and P-2. 
Although showing different behavior over the molecular exclusion resin, the three isoforms 
showed very close apparent molecular mass (15 kDa) when assayed by SDS-PAGE. This 
difference could be resulted from differential interactions of aromatic residues located on 
the protein surface with the stationary phase [40, 41] and can be also verified in other acid 
PLAzs, like the one obtained from B. jararacussu venom by Homsi-Brandeburgo et al. [34]. 


Other procedures used hydrophobic interaction chromatography to isolate these PLAzs. This is 
a method that separates the proteins by means of their hydrophobicity: the hydrophobic 
domains of the proteins bind to the hydrophobic functional groups (phenyl and aryl) of the 
stationary phase. Proteins should be submitted to the presence of a high saline concentration, 
which stabilize then and increases water entropy, thus amplifying hydrophobic interactions. In 
the presence of high salt concentrations, the matrix functional groups interact and retain the 
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proteins that have surface hydrophobic domains. Hence, elution and protein separations can 
be controlled altering the salt or reducing its concentration. 


Santos-Filho et al. [42], working with B. moojeni venom, applied three sequential steps to 
obtain BmooTX-I, a PLAz2 with apparent molecular mass of 15 kDa and pl 4.2. In this work, 
the crude venom was chromatographed in DEAE-Sepharose® (Dietylaminoetyl) resin, 
equilibrated with ammonium bicarbonate 50mM, pH 7.8 and brought to a saline gradient of 
0.3M of the same salt. A fraction named E3 showed phospholipase activity, being then 
submitted to molecular exclusion chromatography in Sephadex G-75® resin. Three fractions 
were obtained, from which one named S2G3 was submitted to hydrophobic interaction 
chromatography in Phenyl-Sepharose® resin, the BmooTX-I being eluted in the end of the 
process. 


In a work published in 2011, Nunes et al. [43] described the isolation of an acid phospholipase 
named BL-PLA2, obtained from Bothrops leucurus through two sequential chromatographic 
steps. On the first step, the acid proteins were separated from the others with the use of a 
cation exchange column (CM-Sepharose®) equilibrated with ammonium bicarbonate, pH 7.8. 
The acid fraction (eluted without interaction with the resin) was lyophilized and applied to a 
Phenyl-Sepharose CL-4B® column (1 x 10 cm), previously equilibrated with a Tris-HCl 10mM 
buffer, NaCl 4M, pH 8.5. The elution occurred under decreasing NaCl gradient in a buffered 
environment (Tris-HCl 10 mM, pH 8.5), concluding the process in an electrolyte free 
environment. An enzymatically active fraction (BL-PLA2), (with pI 5.4 and apparent molecular 
mass of approximately 15 kDa) was obtained at the end of the process. 


The bioaffinity chromatography differs from others chromatographic methods because it is 
based in biological or functional interactions between the protein and the ligand. The nature 
of these interactions varies, being the most used those which are based on the interactions 
between: enzymes and substrate analogous and inhibitors; antigens and antibodies; lectins 
and glycoconjugates; metals and proteins fused with histamine tails. The high selectivity, 
the easiness of performance together with the diversity of ligands that can be immobilized 
in a chromatographic matrix make this method a useful tool for the purification of 
phospholipases. Based on the neutralization of myotoxic effects of the venom from B. 
jararacussu by heparin [44-46], the use of a column containing Agarose-heparin® could be 
used for the purification of myotoxins. They also ratify the interactions between heparin and 
myotoxin through the reduction of many biological effects, such as: edema induction, 
myotoxicity (in vivo) and cytotoxicity over mice myoblasts culture (L.6 - ATCC CRL 14581) 
and endothelial cells. 


Following this strategy, Soares et al. [26] described the purification of BnSP-7, a myotoxin 
Lys-49 from B. neuwiedi pauloensis, with the use of chromatographic process based in this 
heparin functionality, which corroborates previous results obtained by Lomonte et al. [46], 
that showed the efficient inhibitory activity of heparin against myotoxicity and edema 
induced by myotoxin II, a lysine 49 phospholipase Az from Bothrops asper. Also in this study, 
it was possible to infer the participation of the C-terminal region of the protein in the 
damaging effects on the cytoplasmic membrane. 
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Snake venom components share many similar antigenic epitopes that can induce to a 
crossed recognition by antibodies produces against a determined toxin. In this context, 
Stabeli et al. [47] showed that antibodies that recognize a peptide (Ilel-Hsel1) from Bm- 
LAAO present crossed immunoreactivity with components not related to the LAAOs group 
present in venoms from Bothrops, Crotalus, Micrurus e Lachesis snake venoms. Also, Beghini 
et al. [48] showed that the serum produced against crotoxin and phospholipase A2 from 
Crotalus durissus cascavella was able to neutralize the neurotoxic activity produced by B. 
jararacussu venom and BthTX-I. 


Based on this information, pertinent to the crossed immunoreactivity existent between 
venom components, Gomes et al. [49] described the co-purification of a lectin (BJcuL) and a 
phospholipase Az (BthTX-1) using a immunoaffinity resin containing antibodies produced 
against the crotoxin. 20 mg of crotoxin was solubilized in coupling buffer (sodium 
bicarbonate 100 mM, NaCl mM, pH 8.3) and incubated overnight at 4 °C with 1 g of 
Sepharose® activated by cyanogen bromide (CNBr). After washing with the same buffer, 
the resin was blocked with Tris-HCl 100 mM buffer. This resin was packed and thoroughly 
washed with saline phosphate buffer (PBS) pH 7.4. Crotalic counter-venom hiperimune 
horse plasma (20 mg) was applied over the resin at a flow of 10 mL/hr and re-circulated 
overnight through the column. Then, it was washed until the absorbance went back to basal 
levels, showing that the material was retained (IgG anti-Ctx), then eluted with glycin-HCl 
100 mM pH 2.8. The IgG anti-Ctx was then immobilized in CNBr activated Sepharose® resin 
through a procedure analogous to the above cited, generating a new resin called Sepharose- 
Bound Anti-CtxIgG. 20 mg of the crude venom from B. jararacussu was applied over this 
resin, yielding two fractions: the first, composed by proteins that were not recognized by the 
immobilized antibodies and a second fraction composed by components of venom from B. 
jararacussu that reacted crosswise with the Anti-Ctx antibodies, called Bj-F. A posterior 
analysis of this fraction, done by mass spectrometry, amino-terminal sequencing by Edman 
degradation and search by homology in the NCBI protein data bank, showed that it was 
composed by lectin and BthTX-I. 


Different authors used substrate analogous or reversible inhibitors coupled to the 
chromatographic resin. Rock and Snyder [50] were the first ones to use phospholipid 
analogous to build a bioaffinity matrix [Rac-1-(9-carboxy)-nonil-2-exadecilglycero-3- 
phosphocoline]. In addition to them, Dijkman [51] described the synthesis of an analogous 
of acylamino phospholipid[(R)-1-deoxy-1-thio-(w-carboxy-undecyl)-2-deoxy- (n- 
decanoylamino)-3-glycerophosphocholine] which was coupled to a Sepharose 6B® resin 
containing a spacer arm. With the use of this resin it was possible to purify phospholipases 
from horse pancreas, and venoms from Naja melanonleuca and Crotallus adamanteus. 


3. Characterization 


Venomic can be defined as an analysis in large scale of the components present in the 
venom of a certain species. In this context, the proteomic approach has allowed a better 
understanding of the venom components, through the application of many instruments that 
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enables the analysis of their expression, structure, pos-traductional modifications and 
classification by homology or function. An approach developed by Calvete [52] for the 
analysis of snake venomic consists in an initial fractioning step of the crude venom using RP 
- HPLC, followed by characterization of each fraction by a combination of amino-terminal 
sequencing, SDS-PAGE, IEF or 2DE and mass spectrometry to determine molecular mass 
and cysteine content. Additionally, the modern venomic analysis use techniques such as 
Peptide Mass Fingerprint and the search for sequence similarity in data banks. 


SDS-PAGE is a method related to the migration of charged particles in a medium under the 
influence of a continuous electric field [53]. From the electrophoretic point of view, the most 
important properties of the proteins are molar mass, charge and conformation. Mono 
dimensional polyacrylamide gel electrophoresis permit the analysis of the protein in its 
native or denatured form. In the first case, there are no alterations in conformation, 
biological activity and between protein subunits. This system is called non-dissociating or 
native, which proteins are separated based on their charge, using the isoelectric focusing 
method (IEF), or else, in vertical gel without SDS. During the IEF, a pH gradient is formed 
and the charged species move through the gel until they reach a specific pH. In this pH, the 
proteins have no effective charge (known as protein pI). The IEF shows high resolution, 
being able to separate macromolecules with pI differences of just 0.001 pH units [54, 55]. In 
dissociating or denaturing systems, the proteins are solubilized in buffer containing the 
reagent used to promote protein denaturation. SDS-PAGE, originally described by Laemmli 
[56], is an electrophoresis technique in polyacrylamide gel (PAGE) that used SDS as a 
denaturing agent, with interacts with the proteins giving them negative charges, allowing 
them to migrate, through a polyacrylamide gel towards a positive electrode a be separated 
by the differences related to their mass 


Teixeira et al [25] described the purification of an acid phospholipase from B. pirajai 
(BpirPLA2I). As a biochemical characterization step, polyacrylamide gel electrophoresis in 
denaturing conditions (SDS-PAGE) was done. Using this approach, carried out in reducing 
and non-reducing conditions, the author could infer that the purified protein had the form 
of a monomer with apparent molecular mass of 14 kDa, both in reducing conditions as well 
as in non-reducing conditions the proteins presented the same mass, being confirmed 
afterwards by mass spectrometry. 


Moreover, Torres [57] fractionated B. marajoensis venom using a cationic ion exchange 
column followed by an analytical phase in RP- HPLC, obtaining a phospholipase BmarPLA2 
that was submitted to SDS-PAGE in reducing conditions showing apparent molecular mass 
of 14 kDa. However, in non-reducing conditions, the author observed the appearance of a 
single band at 28 kDa, concluding that BmarPLA2 was a dimeric structured protein joined 
by disulphide bridges. Thus, the above-cited examples demonstrate the importance of this 
procedure (SDS-PAGE) as a protein characterization step. 


The determination of the isoelectric point is another important biochemical characterization 
of phospholipases Az. Previous studies involving phospholipases from snake venoms have 
shown that the acid phospholipases are catalytically more active than their basic isoforms 
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[22, 42, 58]. Therefore, many authors have included, as a biochemical characterization 
parameter, the determination of the isoelectric point of the by isoelectric focusing. Due to pI 
determination importance, Teixeira [25] used the methodology proposed by Vesterberg and 
Eriksson [59] to evaluate pI of BpirPLA21. In order to obtain the pI value, a 7% 
polyacrylamide gel was prepared and polymerized over a glass plate of 12 x 14 cm using a 
U shaped rubber as support. A millimeter plate was previously greased with glycerin for 
better refrigeration of the gel. Two strips of Pharmacia Biotech were used to connect the gel 
and the platinum electrodes. The cathode was in contact with NaOH 1 M solution and the 
anode was in phosphoric acid 1 M. The platinum electrodes were centered over the paper 
strips and the system was then closed. The high voltage source was adjusted to the 
maximum values of 500 V, 10 mA, 3 watts and 30 minutes for a pre-run. Following, the 
samples were applied always in the intersection of two blue lines, exactly over the more 
central line of the gel. Then the source was programed for 1500 V, 15 mA, 10 watts and 5 h. 
The end of the run was determined when the source showed a high voltage and low 
amperage (around 1 mA). After isoelectric focusing, about 1 cm width (lengthwise) were 
sliced from each extremity of the gel and placed in test tubes containing 200 uL of distilled 
water for the pH reading after 2 hours of rest. Next, the pH gradient determination graph 
was plotted. The remaining gel containing the samples was fixed in solution of 
trichloroacetic acid for 30 minutes, followed by silver staining. 


Another important technique as a step to characterize components from snake venoms is the 
bidimensional electrophoresis (2D). This one was initially developed by O'Farrell [60]. The 
original methodology consisted of the preparation of polyacrylamide cylindrical gels, in 
which a pH gradient was established through a pre-run with specific amphoterics (also 
called ampholytes), that present high buffering capability in pHs close to their isoelectric 
points (pls). The proteins were then submitted to an isoelectric focusing (IEF) and 
subsequently to an electrophoresis in the presence of SDS by a conventional system 
described by Laemmli [56]. Then, proteins were separated in the first dimension according 
to their pIs (IEF) and in the second dimension based on their molecular mass (SDS-PAGE). 


Bidimensional electrophoresis is laborious, time consuming and difficult to be reproduced 
in different laboratories and depended on the ability of the researcher to obtain consistent 
results. Nowadays, many of these problems were solved with the development of new 
technologies. An important advance which has contributed to the increase of the 2D 
electrophoresis reproducibility was developed by Gorg [61] of the strip form gels with 
immobilized pH gradient (IPG - immobilized pH gel). The strips are made by the 
copolymerization of acrylamide with the Immobiline® (Amershan Biosciences/GE Heathcare) 
reagent, which contains acid and alkaline buffering groups. Another important 
technological progress was the improvement of the protein samples preparation methods, 
together with the discovery of new non-ionic detergents, such as CHAPS surfactants and SB 
3-10, used with reducing agents adequate for IEF, like Dithiothreitol (DTT) and Tributyl 
Phosphine (TBP). Studies performed by Herbert [62] demonstrated that these advances had 
strongly contributed to the solubilization of a greater number of proteins to be analyzed in 
bidimensional electrophoresis. 
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The proteomic analysis of snake components has made use of the 2D electrophoresis as a tool, 
due to its high-resolution capability that allows, in a single process, the determination of 
apparent molecular mass and isoelectric point of the venom constituents. Fernandez et al. [22] 
described the determination of the isoelectric point and apparent molecular mass of Basp- 
PLAzII using this technique. In order to do it, the protein was focused in IPG Immobiline® 
Dry Strip of 7 cm and pH 3-10, under a 200 V tension for 1 min, followed by a second stage of 
3500 V for 120 minutes. The second dimension was done in SDS-PAGE 12% and then 
subsequently dyed with Coomassie blue. It was demonstrated that Basp-PLA2 —II had a pl of 
4.9, which is close to the theoretical isoelectric point value (pI 5.05) defined by the primary 
sequence, evaluated using the Compute pl/MW tool (www.expasy.ch/tools) software and 
apparent molecular weight between 15 and 16 kDa, consistent with the molecular weight (MW 
14,212+6 Da) obtained by ESI/MS (Electrospray Ionization/Mass Spectrometry). 


The advantage of this technique is the high resolution. Alape-Giron [63] working with B. 
asper venom, performed an ontogenic analysis and an analysis based on the snake’s capture 
location in different regions of Costa Rica. Using tryptic digestion, MALDI-TOF mass 
fingerprinting analysis and aminoacid sequencing by MALDI-TOF submitted to similarity 
search by BLAST, the author showed the intra-specific variability in venom composition. It 
was hence evidenced that among the venoms obtained from adult species collected in the 
Caribe area and the Pacific area, there are around 30 proteins that are found in a snake 
group from a place which find no correspondents in the other. 


In our lab, this technique has been used as follows: The proteins are separated by the 
isoelectric point in 13 cm strips with pH values varying between 3 and 10 in a nonlinear 
form. These strips contain polyacrylamide gel, where the gradient pH is formed by the 
presence of ampholytes. To re-hydrate the strips, 250 uL of sample [400 pg of proteins plus 
re-hydration solution (7 M of urea, 2 M of Thiourea, 2% of Triton X-100 (v/v/), 1% of IPG 
Buffer® (v/v) and DTT)] is applied in a channel of the apparatus over which the strips are 
set. The strip’s gel is re-hydrated at room temperature for about 12 hours. After this period, 
the strips are taken to the focusing system in the following conditions: (1) 500 V step until 
accumulates 500 Vh; (2) 500 to 1000 V gradient until it accumulates 800 Vh; (3) 1000 to 8000 
V gradient until it accumulates 11300 Vh and (4) 8000 V step until it accumulates 3000 Vh. In 
average, the program run during 5.5 hours, but the time of the final step can be lengthened, 
if the sample does not reach to the end of the strip during the running according the initial 
program, it could be confirmed by a bromophenol blue line. At the end of focusing, the 
strips are equilibrated in two steps. On the first, 10 mL of the solution containing 6 M of 
urea, 2% of SDS (m/v), 30% of glycerol (v/v), 75 mM of Tris-HCl (pH 8,8), 0,002% of 
bromophenol blue and 1% DTT (m/v) for each strip is used. In the second, the same solution 
is used, but DTT is replaced by 2.5% of iodoacetamide (m/v). Each strip equilibrium step run 
during 15 minutes, under light stirring. Following that, the strips are applied on 10 % 
polyacrylamide gels previously prepared on 180 X 160 X 1.0 mm plates. After each strip and 
the standard stay appropriately accommodated in the polyacrylamide gel, a 0,5% agarose 
(m/v) heated (40 °C) solution is added. The agarose polymerization, provides an effective 
contact between the strip and the gel, thus avoiding the appearance of air bubbles. Protein 
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Figure 6. Electrophoretic profile in 2D-PAGE 10%, 13 cm strip pH 3-10 non-linear of proteins from 
crude venom from Bothrops moojeni. Molecular weight (MW) —Color Plus Prestained Protein Marker — 
Broad Range (7-175 kDa) (P7709S). Coomassie G-250. 


separation, according to molecular mass, is done by applying 25 mA per gel and 100 W 
during approximately 5.5 hours. After this period, the gel is washed with deionized water. 
Then, the proteins are fixed using a solution containing acetic acid 10% (v/v) and ethanol 
40% (v/v) during one hour. Then, the fixing solution is removed and the gel is washed again 
with deionized water 3 times during 10 minutes. The proteins present in the gel are exposed 
using traditional methods for protein coloring, such as Coomassie blue or Silver nitrate. An 
example of the practical application of this methodology can be seen in Figure 6. 


4. Functional characterization 


Many biological activities are related to myotoxins with PLA2 structure obtained from snake 
venoms. In bothropic snake bite accidents and in experimental models with the use of these 
venoms, the noxious activity induced by these toxins on the striated muscles is striking [64]. 
The detection of the myotoxic activity associated to the phospholipase activity detection (in 
the case of Snake venom PLA2 Asp49) is used as an important auxiliary biological marker in 
the purification procedures, monitoring its presence. 


The myotoxic activity assay can be done in two ways: in vivo and in vitro. The analysis can 
be done through the quantification of the released intracellular enzymes activity to the 
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periphery blood or to the supernatant of the culture medium of cellular lineages. There are 
two main enzymes used to this end: 


Creatine Kinase (EC 2.7.3.2): is a dimeric protein formed by the combination of subunits (B 
and M) and in its cytosolic form is found in many tissues, especially in skeletal muscle tissue 
(CK-MM), cardiac (CK-MB) and in the brain (CK-BB). 


Lactate dehydrogenase (EC 1.1.1.27): is an enzyme widely distributed in many tissues and 
organisms. It is presented in the form of homo or hetero tetramers of subunits M and H, 
being present in muscular tissue in the homotetrameric form of subunit M. 


In vivo, the CK activity quantification in murine models has been the most used to assay the 
presence of myotoxic PLA2, especially due to their low cost, ease of performance and high 
specificity as skeletal muscular tissue lesion markers when exposed to myotoxins. 


As for the In vitro assays, myoblast lineages C2C12 (ATCC CRL-1772), differentiated until the 
formation of myotubules, have been used as models to assay the cellular toxicity, through the 
quantification of LDH levels in the supernatant of cell cultures exposed to toxins. 


Regarding the phospholipase activity detections, it can be done by direct and indirect 
methods. Directly, it is possible to detect the presence of PLA2s with the use of chromogenic 
substrates, such as 4N3OBA(4-nitro-3-octanoyloxybenzoic acid) that induce the formation of 
detectable product at 425 nm [65] and fluorescent substrates (NBD) coupled to 
phospholipids that are used to quantitively and qualitatively survey the PLAzs activity 
isolated from snake venom [23]. 


Indirectly, the approach used consists in the potentiometric assay of the fatty acids released 
after the enzymatic hydrolysis of the phospholipids, through the quantification with standard 
alkaline solution [66]. Moreover, fatty acids released by the enzymatic degradation can be 
quantified through the alteration of the optical density of the pH indicator solution, such as 
phenol red [67], brilliant yellow [68] and bromothymol blue [69]. Another indirect method to 
assay PLA2 activity present in samples consists in the detection of hemolysis induced by 
lysophospholipids derived from phospholipids submitted to enzymatic digestion. This can be 
done through the quantification of hemoglobin present in solution or through the visualization 
of hemolytic halo in agarose matrix with immobilized red blood cells. 


4.1. In vivo assay of the myotoxic activity 


Mice is used for the in vivo assay of the myotoxic activity. Swiss males weighing between 18 
g and 22 g, kept in controlled environment (12 h in the light and 12 h in the dark), with food 
and water ad libitum up to the moment of use. PBS solubilized sample and control (PBS) are 
filtered through 44 um pores immediately prior to use. Reagents for CK activity dosage are 
prepared and used according to manufacturer's instructions. 


A Sample (50 uL) or control (50 uL) will be injected in mice gastrocnemic muscle using 
adequate device in order to guarantee a precise volume control. After a time lap (3 and/or 6 
h), blood sample is collected in heparinized tubes and centrifuged to separate plasma. CK 


Purification of Phospholipases Az from American Snake Venoms 


concentration is determined according to manufacturer’s instructions and expressed in U/L, 
where one unit corresponds to the production of 1 mmol of NADH per minute [26,70-72]. 


4.2. In vitro myotoxic activity assay 


In order to assay myotoxic in vitro activity, myoblast lineage cells are used, such as murine 
skeletal muscle C2C12 myoblasts (ATCC CRL-1772) as described by Lomonte et al. [73], 
cultivated in modified Dubelco Eagle medium, supplemented with 1% bovine fetal serum. 
PBS solubilized sample, negative control (PBS) and positive control (Triton X-100) should be 
filtered through 22 um pore filters immediately prior to use. Reagents for LDH activity 
dosage are prepared and used according to manufacturer’s instructions. 


In 96 well plate, 2X105 cells/150 uL are set, sample and/or control (50 WL) are incubated in 
humid atmosphere at 37 °C and 5% COz for a 3 hour period. Afterwards, collect supernatant 
aliquot and quantify LDH activity released by cells with cytoplasmic membrane integrity 
compromised, according to manufacturer’s instructions and expressed in U/I, where one 
unit corresponds to the production of 1 mmol of lactate per minute. 


5. Phospholipasic activity 
5.1. 4N3OBA Substrate enzymatic hydrolysis 


Phospholipase A2 activity can be measured according to the technique described by Holzer 
and Mackessy [65], modified for 96 wells plate [74]. 


Prepare aliquots of 100 uL of 4N3OBA 0.1% solution in acetonitrile and lyophilize. Keep the 
aliquots at -20° C until ready to use. The color reagent is prepared solubilizing the contents of 
one aliquot of 4N3OBA in 1ml of reagent containing Tris 10 mM, CaClz 10 mM, NaCl 100 mM, 
and pH 8.0. For the test in micro plates, add 180 uL of color reagent and 20 UL of sample or 
water (blank), incubate the mixture at 37 °C for 5 minutes, measuring the optical density at 425 
nm and 600 nm (to correct sample turbidity) at 30 second intervals. The activity will be 
expressed according to the equation (1) where 1 unit of phospholipase activity corresponds to 
the production of 1 pmol of 4-nitro-3-hydroxy-benzoic acid per minute. 


PLA, activity | ymol * min-1* pg-1] = 


(1) 
[ OD425nm - OD 600nm / min | x 0.07862 [ umol /OD425nm | / 1/ protein (1/ ug) 


5.2. Enzymatic hydrolysis of fluorescent substrates (NBD) 


The phospholipase activity can also be assayed with the used of chromogenic substrates, 
using acyl-NBD reagents: NBD-PC (Phosphatidylcholine), NBDPG (phosphatidylglycerol), 
NBD-PE (phosphatidylethanolamine) or NBD-PA (phosphatidic acid). A solution of 
fluorescent lipids should be previously prepared in a 1 mg/ml concentration in chloroform. 
100 pL aliquots are distributed and then dried under nitrogen flow. The dried lipid will be 
solubilized in 1 ml of NaCl 0.15 M and sonicated until the obtention of a limpid solution. For 
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the test, the lipids should be diluted in a solution containing Tris-HCl 50 mM, CaClz 1 mM 
pH 7.5. Initially, incubate the solution at 37 °C and, after 2 minutes, make an initial reading, 
configuring the equipment for excitation at 460 nm and emission at 534 nm. Following, 
apply the sample and make a second reading after 12 minutes. The change in fluorescence 
intensity is converted to nanomoles of product per minute (nmoles/min) using a calibration 
curve, prepared by hydrolyzing completely a substrate solution through sodium hydroxide 
treatment. The fluorescence intensity unit was converted to nmoles/min [33]. 


5.3. Potentiometric titration of fatty acids 


The phospholipase activity can be assayed by potentiometric titration as described by de 
Haas [75], using as substrate an egg yolk emulsion in the presence of sodium deoxycholate 
0.03 M and CaCl 0.6 M. Fatty acids released enzymatically are titrated with a standard 
solution of NaOH 0.1 N at pH 8.0 at room temperature. The phospholipase activity is 
generally done with different concentrations of toxin, and calculated per amount of 
microequivalents of alkali consumed per minute, by mg of protein. One unit of 
phospholipase activity can be defined as the quantity of enzyme that releases 1 mol of fatty 
acid per minute, in the reaction conditions. 


5.4. Phenol red 


The spectrophotometric detections of phenol red solution, induced by the increase of free 
fatty acids concentration can also be used to assay the phospholipase activity in samples, as 
described by Radvanyi [67]. 


In order to use this technique, prepare the reagent solution containing Phosphatidylcholine 
0.25% (w/v) TritonX-100 0.4% (v/v), phenol chloride 32 mM. In a thermostatic cuvette at 
37 °C, add 1mL of reagent solution and 10 uL of sample. After stabilization for 20 seconds, 
determine the optical density measuring at 558 nm for 3 minutes, in kinetic intervals of 15 
seconds. One unit of phospholipase can be defined as the quantity of enzyme necessary to 
convert 0.001 UA 558 nm per minute. 


5.5. Indirect hemolysis 


In this test, phospholipids (from egg yolk, soy lecithin or other sources) are used as 
substrates, with the production of fatty acid and corresponding lysophospholipids. 
These lysophospholipids have membrane activity over red blood cells, producing hemolysis 
that can be detected through the quantification of hemoglobin present in solution or through 
a hemolysis halo present in agarose gel containing intact red blood cells [76]. 


For the test, collect blood in a heparinized tube, wash the red blood cells with PBS, 
centrifuging at 800 xg for 5 minutes and prepare the suspension at 3%. Prepare solution 
containing phosphate buffer 20 mM, sodium chloride 100 mM and CaChk 10 mM, 
erythrocyte suspension 3% (1:30 v/v) and egg yolk solution 0.1% (1:30 v/v). Add 10 uL of 
sample or PBS (control 0%) or Triton X-100 0.1% (control 100%) and incubate at 37 °C for 30 
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minutes. Then, centrifuge, collect the supernatant and determine the optical density at 405 
nm, using PBS as blank. The results will be expressed in % of hemolysis compared with the 
positive control. 


Hemoglobin dosage present in solution with the use of the Drabkin reagent (potassium 
ferrocyanide in buffered environment) [77] can be done by comparing the optical density of 
the samples with the standard curve made with the hemoglobin cyanide solution, according 
to manufacturer instructions. 


To assay the hemolytic activity in agarose gel, carefully heat the suspension containing 
agarose 2% in PBS until complete fusion. After partial cooling (45 °C), add an equal volume 
of PBS containing CaClz 0.02 M; egg yolk suspension (1:30 m/v), erythrocytes washed in PBS 
(1:30 m/v), pouring over Petri plate until the formation of a layer approximately 2 mm thick. 
After solidification of the gel, orifices of uniform diameter (0.2 cm diameter) to apply the 
sample are made. The gel is incubated for 12 hours, at 37 °C and humid environment. The 
formation of a translucid halo around the gel application point is indicative of 
phospholipase activity, contrasting with the rest of the gel which remains with a reddish 
tone due to the presence of integral red blood cells retained in the gel net. 


Abbreviations 


PLAvzs: Phospholipases A2 

sPLA2: secreted PLA2 

cPLAz2: cytosolic PLA2 

iPLAz: Ca? independent PLA2 

PAF-AH: acetyl-hydrolases from platelet activating factors and liposomal 
Mr: relative mass 

PAF: platelet activating factors 

svPLAos: phospholipase Az found in snake venoms 
SDS-PAGE: Sodium dodecyl sulfate — PolyAcrylamide Gel Electrophoresis 
MW: Molecular weight 

RP-HPLC: reverse-phase chromatography 
DEAE-Sepharose: Dietylaminoety] Sepharose 

tEnd cells: endothelial cells 

CNBr: cyanogen bromide 

PBS: phosphate buffer saline 

IEF: isoelectric focusing 

2DE: bi-dimensional electrophoresis 

IPG: immobilized pH gel 

pls: isoelectric points 

DTT: Dithiothreitol 

TBP: Tributyl phosphine 

ESI: Electrospray Ionization 
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MS: Mass Spectrometry 

CK-MM: Creatine Kinase - skeletal muscle tissue 

CK-MB: Creatine Kinase — cardiac 

CK-BB: Creatine Kinase - brain 

CK: Creatine Kinase 

LDH: lactate dehydrogenase 

NBD: N-4-Nitrobenzo-2-Oxa-1,3-Diazole 

NBD-PC: N-4-Nitrobenzo-2-Oxa-1,3-Diazole Phosphatidylcholine 
NBD-PG: N-4-Nitrobenzo-2-Oxa-1,3-Diazole 

NBD-PE: N-4-Nitrobenzo-2-Oxa-1,3-Diazole phosphatidylglycerol 
NBD-PA: N-4-Nitrobenzo-2-Oxa-1,3-Diazole Phosphatidic acid 
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1. Introduction 


There are several applications of chromatographic science in the field of animal ecology, 
biology and physiology. One of the most spread uses is identifying the bile acid profiles 
either by Thin Layer Chromatography, Gas chromatography or High Performance Liquid 
Chromatography in wild collected feces. 


The analysis of wild collected feces is a fundamental ecological tool, applied in studies about 
population size, diet analysis and to identify the presence of a species in a certain area. 
Moreover, it is useful when it is necessary to monitor those species which are elusive, 
difficult to observe, threatened, nocturnal or sympatric, or exist in low densities. The 
identification can be done by external physical characteristics such as size, shape, odor and 
color, or through specific signals associated with the deposition of feces, for example tracks 
and scrapes [1,2]. However, this technique is sometimes useless because of the difficulties 
that exist in the correct identification of feces. Often, this sort of evidence is not present 
mainly because many of these external characteristics are sensitive to environmental 
conditions such as heat, desiccation or fast decomposition in humid and rainy regions, and 
can be affected by another type of factors: health, diet, size and age of the individual [3, 4]. 


Because of these reasons is that other techniques become necessary. The use of 
chromatographic techniques to identify or confirm the identity of wild collected feces is of 
great importance for biologists, because invasive procedures such as capture and 
manipulation are avoided. During the last years, the chromatographic determination of 
fecal bile acids has become a more precise method to identify unknown feces from the 
wild. The comparison of the whole pattern of fecal bile acids between field-collected scats 
and scats with known origin allows identifying the species. It has been demonstrated in 
several studies that fecal bile acids and their relative concentration follow patterns that 
are species-specific, particularly for mammals [5-7], including our recent studies in 
Xenarthra species [8]. 
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In this chapter we will discuss the general chromatographic methods commonly used for 
the analysis of bile acids in biological samples. Moreover, we will emphasize the TLC and 
HPLC methodologies we used at our laboratory and the most relevant results we obtained, 
applied to the identification of mammal species, particularly of the Magnaorden Xenarthra 
(Mammalia). 


2. Bile acids 


Bile acids are the main components of bile and are among the first products isolated in a 
pure form, generally from gallbladder bile where it is present in high concentrations. They 
are acidic steroids produced during cholesterol metabolism in the liver and are secreted in 
the gallbladder or in the intestine. 


Bile acids are produced by all vertebrates and show a great structural diversity among 
different species [9, 10]. Indeed, no other class of small molecules shows such striking 
variety across vertebrates. The diversity in bile salt chemical structures originates from 
differences in the two basic structural components of bile salt molecules: the 19-carbon (C19) 
steroid nucleus and a side-chain. In all bile salts characterized to date, the four-ring 
cyclopentanophenanthrene (‘steroid’) nucleus (rings labelled A, B, C and D) is fully 
saturated. The A/B ring juncture is cis in most bile salts but trans in some species, a shift that 
greatly influences the overall shape of the steroid nucleus. A/B trans (5a) bile salts have an 
extended, planar orientation of the steroid rings, while A/B cis 5) bile salts have a ‘bent’ 
orientation of the A ring relative to the other three rings [10]. 


The structural variation in the Cis of the steroid nucleus would be stereochemistry of the 
A/B ring juncture, sites of the oxo or hydroxy groups and orientation of hydroxyl groups (a 
or f). The structural variation in the side chain includes the length, the presence and 
orientation of OH groups, the presence of unsaturation, the stereochemistry of the Cos 
carbon atom and the site of carboxyl group in bile acids and OH group in bile alcohols [9, 
10]. Other than length, further structural variation in the side-chain includes the presence 
and orientation of hydroxyl groups, the presence of unsaturation in the side-chain, and 
above all, the substituent on the terminal carbon atom, which are a hydroxyl group in bile 
alcohols and a carboxyl group in bile acids. Side-chain length and the state of oxidation at 
C27 is used to assign bile salts to three broad classes: C27 bile alcohols, C27 bile acids and C24 
bile acids [10]. The structure of the side chain determines the class of compound; bile acids 
have a carboxyl group at the end of the chain and bile alcohols have a primary alcohol 


group [11] (Fig. 1). 


Unlike the majority of biological small molecules, whose structures have remained constant 
since the formation of prokaryotic and eukaryotic cells, the molecular structure of bile acids 
show a distinctive evolution which parallels that of the vertebrate species which formed 
them (from C27 bile alcohols, C27 bile acids to Cz bile acids). The progressive nature of bile 
acid evolution is detectable between different genera, between members of different families 
and members of different orders [10]. 
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Figure 1. Sites of hydroxylation of the three main classes of bile salts. A: cholesterol; B: C27 bile alcohols 
(sulfates); C: C27 bile acids (as tauroamidated) and D: C24 bile acids (also as tauroamidated) (from [11]). 


Conjugation of bile acids with the amino acids glycine and taurine occurs in the liver, before 
storage in the gallbladder and subsequent secretion into the duodenum via the bile duct. 
Within the intestinal lumen, bile acids interact with lipases and assist the lipolysis and 
absorption of fats, including fat-soluble vitamins, by the formation of mixed micelles. 
During enterohepatic circulation, the primary bile acids, CA and CDCA which are both 
synthesized in the liver may be modified by intestinal bacteria to form secondary bile acids, 
mainly DCA, LCA and UDCA (Fig. 2). In the colon of animals with a cecum, anaerobic 
bacteria remove the hydroxyl group at C7 to form 7-deoxy bile acids. In the side chain, bile 
acids suffer deconjugation [11, 12-14]. 
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Figure 2. Structure of the main primary and secondary bile acids in mammals (from [15]). 


Fecal bile acid patterns are complex due to bacterial metabolism during intestinal transit, 
which gives mono-, di- and/or -trioxo compounds, and also iso-(36-hydroxy), urso-(7f- 
hydroxy) and lago-(126-hydroxy) bile acids [16-18]. The colon bacteria deconjugate bile 
acids. The majority of the unconjugated bile acids are 7a-dehydroxylated, being LCA and 
DCA the predominant secondary fecal bile acids. They are reabsorbed from the colon, 
modified by hepatic enzymes and circulate in the enterohepatic circulation. Bile acids in the 
jejunum remain conjugated because of the absence of bacteria in the small intestine [19]. 
Moreover, in feces, certain bile acids are firmly bound to bacteria [12]. 
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3. Bile acid analysis 


The simultaneous separation and quantification of bile acids and their conjugates are 
challenging and have always presented technical difficulties due to marked differences in 
physicochemical properties, the presence of isomeric forms, their structural similarity or 
their relatively low concentrations in some biological samples [14, 20]. 


The most used techniques for the analysis of bile acid patterns in different biological 
samples include TLC coupled to densitometry, colorimetry, fluorimetry [5, 7, 21, 22], GC [16, 
23, 24] and HPLC [25-27]. Moreover, non-chromatographic methods have been developed 
non chromatographic methods such as enzymatic, immunological and electrochemical ones. 
However, several of those methods are either not sensitive or are non-specific and have been 
displaced by GC, HPLC and radioimmunoassay. Radioimmunoassay, although it is highly 
sensitive, is not quite specific and overlaps of different bile acids occur [28]. On the other 
hand, both GC and HPLC are highly specific and sensitive to the extent of measuring even a 
few picomoles of bile acids [19]. 


Enzymatic methods using bile acid hydroxysteroid dehydrogenase are used for routine 
analysis of physiological fluids due to their simplicity. However, one of the main 
disadvantages is that differentiation of individual bile acids is not possible because total bile 
acids, rather than individual bile acids, are quantified [14]. 


Immunoassays of bile acids in different matrixes have provided relatively simple and 
sensitive methods for determining the concentration of selected sub-groups of bile acids. 
However, these assays do not provide full data for each of the individual bile acids. 


Bile acids are haptens, nonantigenic low molecular weight, therefore complexes of bile acids 
covalently bound to large immunogenic molecules, for example bovine serum albumin, are 
required to obtain specific antibodies. In early experiments, [!4C]- or [SH]-labelled bile acids 
were used as tracers for analysis of serum bile acids, whereas [!*I]-labelled tracers were 
used in later publications. RIA can detect bile acids at the picomol level and are useful for 
high-throughput analysis. RIA for different bile acids in serum was described early for CA 
[29] and for CDCA, UDCA and LCA [30]. 


EIA use a hapten-enzyme conjugate as a tracer instead of radioisotope-labelled antigens. 
The construction of an effective EIA system requires the preparation of an enzyme-labelled 
antigen that possesses a high specific activity without decreasing the enzyme activity or 
immunoreativity. The labelling enzymes that have been employed for these assays include 
alkaline phosphatase and peroxidase [31]. Therefore, a quality antibody, preferably a 
monoclonal one, is very important for reliable analysis of bile acids in biological fluids. 


The drawback of most RIAs and EIAs remains the limited specificity of the antibody. 
Usually, antibodies demonstrate high structural specificity for bile acids but often there is 
a low level of cross-reactivity with bile acids having similar structure to the target bile 
acid. 
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4. Sample collection 


The collection of samples for analysis is a critical step and constitutes a potential source of 
variation. For this reason, the procedure must be standardized. To determine the fecal bile 
acid pattern, it is necessary to collect feces from a known origin of the species under study. 
These reference feces can be collected in zoos, reserves or any place where one can assure 
the procedence of the fecal material. Moreover, feces can be collected during the capture and 
handling of a wild individual. 


Feces are put in paper bags with silica gel so as to avoid humidity. They are correctly 
identified with: number, collector, date and place of collection, GPS coordinates, a 
microhabitat description, fecal external aspect (fresh, old, very old) and any information that 
it is considered relevant. Unknown feces from the study area, should match the external 
physical characteristics of the species under study, shape, size, colour and odour. 


In our study, we analyzed the fecal bile acid patterns of different species from the 
Magnaorden Xenarthra (Mammalia). Our aim was to identify wild collected feces through 
their fecal bile acid patterns, and find in chromatography, a simple and rapid ecological tool. 


For this purpose, samples were collected in zoos, reserves from the wild in different areas of 
Argentina. The studied species were: pichi (Zaedyus pichiy), screaming hairy armadillo or 
crying armadillo (Chaetophractus vellerosus), big hairy armadillo (Chaetophractus villosus), 
southern long-nosed armadillo (Dasypus hybridus), giant armadillo (Priodontes maximus), 
southern tamandua (Tamandua tetradactyla), giant anteater (Myrmecophaga_tridactyla), 
southern three-banded armadillo (Tolypeutes matacus) and six-banded armadillo (Euphractus 
sexcinctus). 


5. Sample pre-treatment and solvent extraction 


The method of extraction will depend on the physicochemical properties of the biological 
material to be analyzed. Solid materials, such as feces, present particular problems due to 
the need of disrupting the matrix before extraction, either by homogenization, 
saponification, enzymatic digestion or lyophilization. Bile acids are hydrophobic steroids 
and hence, capable of extraction from aqueous media by organic solvents. The ease of 
extraction of bile acids from biological samples depends on four factors: the extent and type 
of conjugation, the number of hydroxyl groups, the state of ionization of the carboxyl group 
and the degree of binding to proteins. An increase in the number of hydroxyls or the 
presence of sulfates, glucuronides and to a lesser extent, glycine and taurine conjugates, will 
greatly increase the relative polarity (water solubility) of the bile acid. The state of ionization 
primarily depends upon the pK of the terminal group of the side chain, which varies from 
around 5.8 for the carboxyl group in the free bile acids to 4.3 for the glycine-conjugates and 
1.9 for the sulfonic acid group of the taurine-conjugates. Although it would be expected that 
a decreased pH would favor extraction of bile acids because of the suppression of ionization, 
in fact bile acid extraction is, in many instances, favored at alkaline pH, presumably because 
of the reduced protein binding that occurs [12]. 
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Although there are a wide variety of methods available for the extraction of bile acids from 
biological materials, there is no general method that covers all eventualities. For that reason, 
the researcher must establish the solvent system which best fits to the aim of each particular 
study. 


Previously to the extraction step, feces are dried in oven at 30°C for one day to eliminate 
humidity and are stored in hermetic flasks in a dry and dark place. Feces are crushed with 
the use of a mortar and pestle and sieved with a fine mesh. They are macroscopically 
observed and rests of preys (plants, seeds, insects, bones, feathers) are eliminated. Fecal 
extracts must be filtered and concentrated to an adequate final volume, preferably under 
nitrogen stream. 


For the extraction step, the ratio solvent/sample should be kept high, 20:1 or 10:1 (v/w). In 
our study, we extracted 1 gram of the fecal powder with a mixture of benzene:methanol (1:1 
v/v). With the use of this solvent system, we could extract from feces the highest number of 
compounds in a single step. In addition, we also tested another extraction solvent system 
composed of dichloromethane:methanol (1:1 v/v). We _ replaced benzene with 
dichloromethane because it has the same extractive properties as benzene but is less toxic 
and thus easier to handle [3]. For HPLC, dried fecal extracts were resuspended in methanol 
and filtered with a polytetrafluorethylene filter of 0.45 um before injection. 


6. Thin-layer chromatography 


TLC of bile acids has been used to differentiate feces of several mammal species, mainly 
carnivores such as the lesser grisson (Galictis cuja), guina cat (Leopardus guigna), red fox 
(Lycalopex culpaeus), grey fox (Lycalopex griseus), pampas’s fox (Lycalopex gymnocercus), puma 
(Puma concolor), jaguar(Panthera onca), snow leopard(Panthera pardus ciscaucasica), pandas 
and different species of bears [6, 7, 32-37]. It had also been applied to a wide variety of other 
species: manatees [38], sperm whales [32], storks and herons [39]. Our study was the first 
one which reported the use of TLC to differentiate Xenarthra species, through their fecal bile 
acid patterns [8]. 


TLC is a type of planar chromatography in which the stationary phase is a solid adsorbent 
of fine particles, and the mobile phase is liquid. Aluminum or glass plates are used and they 
are covered with a fine and uniform layer of the stationary phase which is generally, silica. 
In some cases, it is chemically modified so as to provide suitable resolution conditions 
depending on the analyte. The correct choice of the mobile or stationary phase is essential to 
obtain an efficient separation of compounds to be analyzed [40-42]. Mobile phase generally 
consists of a solvent system composed of 2, 3 or 4 components which vary in their polarity 
and selectivity and they can include water, organic solvents and buffers [43, 44]. Silica gel is 
the most common adsorbent used in TLC as stationary phase, especially for the 
identification and separation of steroids such as bile acids in several biological samples, due 
to its adsorptive properties, great active surface and high pore size [45]. 
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TLC separation mechanism consists of the differential migration of the mixture components 
through the chromatographic plate, dragged by the moving solvent; the distance travelled 
by each compound depends on its chemical structure and its affinity for both phases. 
Several mechanisms are involved in the separation process and predominant forces depend 
on the phases and solutes properties [43, 44]. 


Although various separation techniques are commonly applied for the determination of bile 
acids in biological samples, TLC offers practical advantages, mainly its simplicity, 
economical equipment needed, ease of operation, short analysis time and high efficiency in 
analysing simultaneously a large number of samples [43, 46]. It enables reliable separation 
and analysis of a wide variety of compounds from different types of biological samples. 
Moreover, this technique is versatile because it can be modified using different types of 
mobile and stationary phases and visualizing methods [43, 45]. 


The choice of the correct stationary and mobile phases is of great importance and it depends 
upon the type of sample and the objectives of the study. Thus, the greatest problem in using 
TLC in specific cases, such as bile acid analysis, is the selection of suitable mobile phases 
[47]. 


6.1. Experimental protocol 


Since there are a great variety of TLC methodologies to separate bile acids, in this section we 
report the technique used at our laboratory, which allows us to resolve the highest number 
of compounds in a single chromatographic run. The best results were obtained using 
HPTLC silicagel 60F254 plates with aluminium base of 20 x 20 cm, with a bed thickness of 0.2 
mm. We follow the protocol cited in [5]. Each sample extract and standards for the most 
common bile acids for mammals are spotted on the plates with the use of a capillary tube: 
LCA, TCA, GCA, CA, CDCA, DCA, DHCA, GCDCA and CHOL. Bile acid standard stock 
solutions are prepared in methanol at a concentration of 0.1 %. We tested the use of different 
sample (75, 90, 105, 120, 150 and 180 ul) and standard (7.5, 15, 22.5 and 30 ul) quantities 
being spotted on the plates, so as to standardize the optimal concentrations for a better 
visualization. 


As development solvent we use a mixture of toluene:aceticacid:water in a proportion of 
5:5:1.5 v/v. We first saturate the mobile phase with water vapour and then we extract the 
rest of the liquid water. This gives more reproducibility to the analysis since variations in 
ambient humidity and temperature can alter the results. 


Bile acid spots are visualized by spraying the plates with a revealing solution of 
anysaldehide:glacial acetic acid:sulphuric acid in a concentration of 0.5:50:1 v/v; plates are 
heated in oven at 150 °C for 15 minutes. 


The bile acid pattern of each species is determined by the comparison of Rs values (relation 
between distance travelled by the compound and distance travelled by the eluent) and colour 
of the compounds with those of standard solutions. The relative intensity (concentration) of 
sample spots helps in the identification of the fecal bile acid pattern of each species. 
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6.2. Results and discussion 


In our study, we could differentiate all the Xenarthra species through their fecal bile acid 
patterns. We detected 15 compounds in feces; seven bile acids, seven unidentified 
compounds and cholesterol. 


Moreover, we showed the resolution of TLC because some pairs of bile acids with very 
similar Rr values, CDCA-DCA and CA-GCA, were discriminated. Although the Rr value is 
the main parameter to identify a compound, several other characteristics of the bands had to 
be carefully analysed in the chromatographic plates to determine bile acid patterns. 


Some standard R: values partially overlapped; however, we established a Rr range for each 
compound and, together with their colour, the spots were correctly identified. The 
concentration of the compounds was proportional to the relative intensity of each band in 
the chromatographic plate, as determined visually. Specific colours obtained through the 
oxidation by anisaldehyde for each bile acid allowed the identification of the spots in the 
plates. DHCA differed from the other standards because it showed two and, in some cases, 
three bands with a distinctively orange colour. Standards which showed more intense 
colours were LCA (dark green), TCA (blue-grey) and CHOL (dark pink); the rest of the bile 
acids had less intense colours (Fig. 3). 


Figure 3. A chromatographic plate revealed with anisaldehyde:glacial acetic acid:sulphuric acid 
(0.5:50:1 v/v), shows bands of different colours. Left: 12 sample lines. Right: 8 standard bile acids. 


Therefore, we stress the importance of spotting standard solutions together with the 
samples in each chromatographic plate to correctly identify compounds. 


Even if TLC of fecal bile acids offers practical advantages such as simplicity and ease of 
operation [43, 46], like any laboratory technique it needs much of practical knowledge and 
skills [7] and it requires a careful and detailed analysis from the researcher. 


In our study, TLC was useful to identify feces from Xenarthra species as it allowed the 
extraction, visualization and identification of fecal bile acids from individuals of all the 
studied species. 


For several years, TLC has been used to identify wild-collected feces, mainly for species 
with low contents of vegetal material in their diets, such as carnivores [5, 35, 48, 49]. 
Nevertheless, in [34] they were not able to differentiate feces from Lycalopex culpaeus and 
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L. griseus in Chile; they argued that there was too much variability in the spot pattern even 
among feces from the same individual. In spite of that, in [3] they could discriminate feces 
from both species. Moreover, in [6] authors demonstrated that bile acid patterns were 
specific for some threatened carnivore species in Chile. 


Several factors should be considered when analysing TLC results. One of them is the 
concentration of the sample; in the case of our study, samples from captive animals showed 
more intense bands while samples from wild animals had little concentration of some bile 
acids, making the correct identification sometimes difficult. However, we could find the 
optimal concentration, i.e., the concentration that allowed the detection of the compounds in 
the chromatographic plates, for wild and captive animals, being higher for wild ones. 


A second factor that should be considered, especially when working with wild animals, is 
the effect of the type of diet, which has been reported in other investigations. It is possible 
that the presence of chemical substances in the feces, as products of the diet, has an effect on 
the detectability of bile acids, masking the spots [34] as it was observed previously, for 
example in coyotes [50]. 


Xenarthra species are omnivores and carnivores-omnivores [51], including invertebrates, small 
vertebrates, carrion, plant roots, tubers and seeds in their diets [52-55]. During plate running, 
other colour bands were observed; they corresponded to plant pigments which were yellow or 
orange for captive animals and green for wild ones. Differences in extract colours among 
species may reflect variations in the diet composition, mainly due to vegetal pigments which 
are naturally colored contrary to bile acid which are uncolored. Although we found some 
plant material in the feces, they had only small amounts and there was no evidence that prey 
items interfere with bile acid identification. 


Age of wild-collected scats and thus, weathering, plays an important role in the analysis 
of feces by TLC [7, 36]. Some authors [7, 35, 48, 56] suggested that feces weathering can 
lower the concentration of bile acids in scats, leading to their erroneous identification. In 
our study, it was demonstrated that bile acids were clearly identified even in two-year old 
feces. 


Further, small sample size can worsen TLC performance [36, 56, 57]; however, this was not 
the case of our study since we used sufficient quantity of dry pulverized fecal material to 
allow a good detection of the compounds [5]. 


The experience of the analyst in applying TLC is also important. For example, the spraying 
with the visualizing agent is not always uniform and some areas of the chromatographic 
plate may be uncoloured, resulting in an incorrect interpretation of the bands. 


Several authors reported different TLC methods for the analysis and separation of bile acids. 
In [58] they reported a solvent system which allows group separation; free bile acids are 
separated with the first solvent system acetic acid:carbén tetrachloride:di-isopropyl 
ether:iso-amyl acetate:n-propanol:benzene (5:20:30:40:10:10 v/v), then with the second 
solvent system propionic acid:iso-amyl acetate:water:n-propano (15:20:5:10 v/v) they 
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separated taurine and glycineconjugated standard bile acids. In [21], authors reported 15 
solvent systems to separate bile acids, being the most efficient the acidic one. 


In [59] they reported two solvent systems. The first one (isopropanol:glacial acetic acid, 93:7 
v/v) allows separation of free bile acids, glycine conjugates and taurine conjugates from one 
another, and a second solvent system consisting of hexane:methylethylketone:glacial acetic 
acid, 56:36:8 v/v (Petcoff’s solution), for the separation of the four free bile acids found in 
human bile. Authors in [48] used a TLC methodology to identify the fecal bile acid patterns 
in several carnivore species; plates were developed in a paper-lined, equilibrated bath 
containing Petcoff’s solution. After air drying, plates were visualized by spraying with a 
solution of acetic acid:sulphuric acid:anisaldehyde 50:1:0.5 (v/v) as revealing agent, and 
placing in a 120°C oven [60]. 


On the other hand, as cited in [33], they developed plates in Petcoff’s solution and then 
visualized with a 50:1:0.5 v/v solution of acetic acid:sulfuric acid:p-anisaldehyde to 
identify bile acids from grizzly and black bear feces. In [35] they used used a developing 
bath of Petcoff’s solution to run the plates and they visualized bile acid bands by spraying 
the plates with 50% v/v sulfuric acid, which allowed them to observe spot colors in cougar 
and jaguar feces [3]. Sulfuric acid was also present in our visualizing agent. [61] reported 
a method to separate standard bile acids consisting of a reversed thin-layer 
chromatography using a mixture of metanol:water as the solvent system, in the 
concentration range 50-75% (v/v). 


In [6] they reported a TLC method to determine the fecal bile acid patterns in carnivore 
feces. It consisted of an alkaline extraction to purify the bile acids from other lipophilic 
steroidal compounds; plates were eluted with Petcoff’s solution and developed with a 
mixture of glacial acetic acid, water, sulfuric acid and 3,4-dimethoxybenzaldehyde. 


From our results, and because TLC of fecal bile acids has proved to offer robust data to 
establish habitat use and to study food habits of some sympatric mammal species [6, 36], we 
assume that this technique would also be useful for future ecological studies in Xenarthra 
and in other species. Considering the scarcity of available information about some ecological 
and biological aspects of Xenarthra, these results, the first ones on the application of TLC for 
the identification of their feces, could be very important for future studies about the 
conservation, distribution and eco-physiology of this group. 


7. Gas chromatography 


GC and GC-MS have been widely used for quantitative and qualitative analysis of bile acids 
in different biological samples [10, 14, 37, 62-65]. In broad terms, GC works on the same 
principle as HPLC, however, in GC compounds are in gaseous form and an inert gas, like 
nitrogen or helium, is used for elution. The various compounds are resolved on the basis of 
their retention/elution behavior on the stationary phase of the column. There are two basic 
requirements for GC analysis, an appropriate column and derivatization of the compounds, 
to cause vaporization under the chromatographic conditions used [19]. 
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Then, those techniques are limited by complex sample preparation, derivatization and 
most importantly, because requires the hydrolysis of conjugated bile acids into their free 
forms, prior to their analysis [66]; although GC-MS provides high sensitivity and 
resolution of isomeric bile acids, it is necessary to isolate and purify bile acids before 
analysis [14, 19]. 


Bile acids are present in unconjugated and/or conjugated form in biological fluids. They 
range from 1-2 ug/ml in plasma and urine to significant amounts in the intestinal content 
and as much as 10 mg/ml in the gallbladder bile. Bile acids are present in association with 
proteins, sterols and their esters, free or esterified fatty acids, bile pigments and water- 
soluble small molecules, which must be either removed before chromatography or the 
chromatographic conditions should be such that these compounds do not interfere in bile 
acid analysis. Since bile acids are present mainly as glycine or taurine conjugate in plasma 
and bile, unconjugated in feces and unconjugated as well as conjugated with glycine, 
taurine, glucuronic acid and sulfuric acid in the urine, the methods for isolation of bile acids 
from these sources need to be appropriately modified [19]. 


However, a major difficulty in quantitative analysis of fecal bile acids is their strong binding 
with the bacterial debris in the stool, and quantitative extraction is difficult. Stool contains 
bile acids, neutral sterols, cholesterol and its bacterial metabolites, plant sterols and their 
bacterial metabolites and fatty acids, which need to be removed before GC. Since fatty acids 
are less strongly retained on the capillary columns, bile acids can usually be quantitated in 
their presence. 


For GC fecal bile acid analysis, several methods have been reported and most of them are 
quite complex [23, 62, 67]. 


In [68] they used continuous soxhlet extraction of aliquots of stool using chloroform and 
methanol. Extracts were derivatized and the methyl esters obtained were subjected to 
preparative TLC, respective bands were eluted and prepared for GC. On the other hand, in 
[23] they did a similar procedure but with tedious and longer steps. In alternate methods, 
bile acids from feces have been extracted with ammoniacal alcohol, methanol-hydrochloric 
acid, acetic acid-toluene, after removal of neutral sterols [23, 67]. 


In [19] they digested fecal samples with internal standard, extracted neutral sterols by 
repeated extractions, extracted bile acids with ethyl acetate, remove mineral acid and the 
residue was subjected to methyl ester formation; part of the aliquot was used for GC after 
trimethylsilylation. However, this method was not applicable to samples which contained 
conjugated bile acids. 


Since the basic requirement for GC is that the compounds are in gaseous form at the column 
temperature, it is necessary to derivatize the polar functional groups. The carboxyl group in 
bile acids is often converted into the methyl ester. In addition, other bile acid esters have 
been used for GC, such as ethyl, n-propyl, isobutyl and n-butyl esters. Moreover, other 
derivatizations are common: of the hydroxyl group or the oxo group. 
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8. High performance liquid chromatography 


The first report of the application of HPLC for bile acid separation was in 1976 [68 in 12]; 
and although its usefulness has been demonstrated for bile acid analysis in a wide variety of 
biological samples, up to the present it has never been used for the identification of species 
through their fecal bile acid pattern. 


During the last years, HPLC has been one of the most used techniques for the analysis and 
identification of different lipid classes [44] and, particularly, for the separation and 
quantification of bile acids and their derivatives in different biological materials, due to its 
possibility to be coupled to a great variety of detectors [14, 27, 69-74]. HPLC presents several 
advantages in relation to other techniques such as high resolution, high sensitivity and 
specificity [44, 75]. 


A chromatographic system consists of four main components: a device for sample 
introduction, a mobile phase, a stationary phase (column) and a detector. The injector is 
simply required to allow introduction of the analytes into a flowing liquid stream without 
introducing any discrimination effects, being manually or automatically operated. The two 
components which are associated with the separation that occurs in a chromatographic 
system are the mobile and stationary phases. In HPLC the mobile phase is a liquid delivered 
under high pressure to ensure a constant flow rate, and reproducible retention times. The 
stationary phase is packed into a cylindrical column with a particulate support to which is 
bonded the stationary phase and it is capable of withstanding the high pressures which are 
necessary. 


Detectors and columns vary depending on the objectives of the study and the type of 
sample. A small quantity of liquid sample is injected into the mobile phase which is flowing 
through the column, so the individual components of the mixture are separated [76, 77]. 


To take advantage of an HPLC column, it is necessary to use integrated chromatographic 
systems; all the components are specifically designed and coupled to get a maximum 
efficiency. 


A chromatographic separation occurs if the components of a mixture interact to different 
extents with the mobile and/or stationary phases (Fig. 3), and therefore take different times 
to move from the position of sample introduction to the position at which they are detected. 
So, there are two extremes, as follows: a) all analytes have total affinity for the mobile phase 
and do not interact with the stationary phase; all analytes move at the same rate as the 
mobile phase, they reach the detector very quickly and are not separated, and b) all analytes 
have total affinity for the stationary phase and do not interact with the mobile phase; all 
analytes are retained on the column and do not reach the detector. The role of the analyst is 
therefore, based on a knowledge of the sample, to manipulate the properties of the 
stationary and/or mobile phases to move between these extremes and reach the desired 
separation [77]. 
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Reversed-phase HPLC is the most used type of liquid chromatography for compound 
separation; it has been reported that almost 75% of all HPLC separations are done in the 
reverse mode. It is one of the most reliable and powerful methods for a direct and no 
destructive analysis of those compounds which are less volatile than others, polar and 
particularly, steroids and their conjugates [27]. Particularly, the resolution of compounds 
with similar polarities to bile acids results efficient if reversed-phase HPLC is used [78, 79]. 


The main characteristic of reversed-phase HPLC is that the mobile phase is more polar than 
the stationary phase, and therefore the components of the sample elute from the column in 
order of their hydrophobicity, number, position and configuration of hydroxyl groups in the 
steroid nucleus [44, 46, 80]. 


The retention behavior of a certain compound in reversed-phase HPLC depends on its 
solubility in and the partition between mobile and stationary phases. The polarity of a 
molecule controls the solubility in the mobile phase while the hydrophobic surface plays a 
key role in the interaction with the stationary phase. Bile acids have a hydrophobic region in 
the 6 face of the steroid nucleus, an area which is constant among common bile acids. 
Therefore, when increasing the number of OH groups in the a face of the molecule, 
increases the polarity and improve the solubility in an aqueous mobile phase. On the other 
hand, the presence of a B OH or carbonyl group, reduces the hydrophobic area of £6 face, 
resulting in a diminished of retention time [79]. The most polar bile acids are trihydroxilated 
tauroconjugated ones and the least polar are free monohydroxylated bile acids [74, 79]. 


The choice of the mobile phase will depend not only on the characteristics of the analyte, but 
also on the detection mode. Almost all methods use an elution gradient with a binary or 
tertiary solvent system, which are combined depending on their polarities; so, a satisfactory 
resolution of different lipid classes is achieved [44]. 


8.1. HPLC detectors 


In different biological samples, bile acids are present as a complex mixture with a wide 
variety of polarities due to the presence of conjugated and free forms. For that reason is that 
the choice of the detection system will be largely governed by the structures of the analytes 
[14, 27]. 


There are several detectors that can be coupled to an HPLC system. However, at the present 
it is not available a simple, sensitive and direct method for the simultaneous analysis and 
quantification of individual bile acids in different tissues and fluids [20]. 


UV detectors have been widely used for the determination of bile acids in biological samples 
[25, 38, 81-83], mainly due to their relative low costs [44] and also because it allows the direct 
analysis of conjugated bile acids without prior derivatization [27, 71] and the reduction of 
the analysis time. However, HPLC-UV does not provide the required sensitivity and 
selectivity to detect the trace amounts of some bile acids or bile acid-sulfates in biological 
matrices [14, 20, 66, 73, 84], for example free bile acids [27, 80]. The simultaneous analysis of 
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individual bile acids from a mixture presents several technical difficulties due to their 
similar and complex chemical structures, to their low UV absorbance, their low volatility, 
the presence of isomeric forms and the low concentration in certain type of samples [20, 27], 
particularly feces [46, 73, 84]. 


In several studies, it is necessary to pretreat samples which involve extraction, purification 
and derivatization so as to increase sensitivity and specificity [40]. 


Moreover, HPLC has been coupled to other types of detectors, for example RID, FLD and 
Electrochemical Detector. 


The use of RID is limited by poor sensitivity and unstableness of base-line in gradient 
elution conditions, which is necessary for the separation of a complicated mixture with 
relatively short analysis time. Furthermore, the use of FLD or electrochemical detection does 
not detect non-chromophoric bile acids without a suitable pre-column derivatization [27]. 
Methods for sample derivatization are complex, with fluorescing chemicals [71, 85] or other 
complex derivatizations [27], which can introduce contaminants and produce secondary 
incomplete reactions, involving more complexity and longer analysis times [14, 27, 44, 73]. 
That is why derivatization methods are not the choice for a comprehensive analysis of fecal 
bile acid patterns [84]. 


The majority of lipids show a maximum absorbance in the range of wavelengths from 190 to 
210 nm [44]; particularly, bile acids show different capabilities of absorption to UV light 
depending on their structure. UV detection can be used at 200-210 nm with moderate 
sensitivity for glycine- and taurine-amidated bile acids, which can be analyzed directly 
without previous derivatization steps, using conventional UV detectors [27, 71]. 
Unconjugated bile acids and their sulfated and glycosylated conjugates have a markedly 
low absorbance in this range [27, 80]. 


For that reason, in certain cases, depending on the aim of the study, is necessary to pretreat 
samples. This involves steps of extraction, purification and derivatization to increase 
sensitivity and specificity [40]. Although a great variety of pre-column derivatizations have 
been used to increase detection of bile acids to UV light, the complete conversion of 
compounds it is not assured and in general, required long steps that finally led to the loss of 
sample [14, 27]. 


In recent years, another detector used is ELSD. Theoretically, this detector responds to all 
solutes that are not volatile and the response is proportional to the mass of the solute 
present. The eluent is atomized in a stream of nitrogen and the finely divided spray passes 
down a heated chamber during which time the solvent is evaporated. The removal of the 
solvent produces a stream of particles which pass through a collimated beam of light. The 
scattered light at an angle in relation to the incident light, is focused onto a photomultiplier 
tube and the output is processed in an appropriate manner electronically. For a linear 
response, the droplet size must be carefully controlled. The device is fairly compact and 
relatively simple to operate. Detector sensitivity is in the range of 10-20 ng of solute. 
However, the magnitude of the response varies widely between different substances. 
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8.2. Liquid chromatography-mass spectrometry 


Methods using FAB-MS and ESI-MS are applied in bile acid analysis. FAB-MS, however, has 
inferior quantitative capabilities and yields less intact ions (more in-source fragmentation) 
compared to ESI. Therefore, ESI-LC-MS remains a powerful technique for direct 
quantitative analysis of bile acids in biological matrices. Several methods have been 
developed and used to quantify bile acids in biological matrices using ESI-LC-MS [73, 86, 
87]. 


The persistent need for rapid and sensitive methods has motivated efforts to exploit the high 
sensitivity, specificity and the minimal sample preparation requirements of HPLC-MS/MS 
for bile acid analysis in biological fluids, including the complex profile of secondary bile 
acids in feces resulting from colonic bacterial metabolism [88]. 


In conventional ESI the sample eluting from HPLC is pumped through a thin capillary 
(internal diameter approximately 0.1 mm) which is raised to a high potential (4 kV). Small 
charged droplets are sprayed from the ESI capillary into a stream of inert gas, generally 
nitrogen, at atmospheric pressure and travel down towards an orifice in the mass- 
spectrometer high-vacuum system. As the droplets traverse this path they become 
desolvated and reduced in size to such an extent that surface-coulombic forces overcome 
surface-tension forces and the droplets break up into smaller droplets. This process 
continues until they reach a point in which either an ion desorbs from a droplet or solvent is 
completely removed. This mechanism results in a beam of ions, which are directed to the 
mass spectrometer. 


In a quadrupole mass analyzer MS/MS instrument, a precursor ion is mass-selected by first 
mass analyzer and focused into a collision cell preceding a second mass analyzer. The mass 
analyzers are arranged in series. Inert gas is generally introduced into the collision region 
and collisions occur between the precursor ion and inert gas molecules. In these collisions 
part of the precursor ions translational energy can be converted into internal energy, and as 
a result of single or multiple collisions an unstable excited precursor ions decompose to 
product ions. Product ions are mass-analyzed by the second mass analyzer [89]. 


MS/MS of steroids and bile acids has been an area of considerable study [90, 91]. When 
analyzed by negative-ion FAB or ESI-MS, bile acids, steroid sulphates and_ steroid 
glucuronides give abundant [M-H]-ions and few fragment ions. To gain structural 
information, MS/MS spectra are recorded. Any modification of the steroid skeleton or side 
chain would result in a change in the pattern of fragment ions [91]. 


LC-MS/MS is a simple, sensitive and rapid technique for the analysis of bile acids in 
complex matrix as feces [46]. 


8.3. Experimental protocol 


In this section, we will describe the HPLC methods used to identify fecal bile acids in 
Xenarthra species. 
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We used a HPLC Thermo Finnigan made up of a gradient quaternary pump, on-line 
degassifier, a thermostatic module for the column and an UV-Vis detector with double 
wavelength, set at 200 and 210 nm. Analyses were performed on a reversed-phase C-18 
column and a similar pre-column. We adapted the HPLC experimental protocol from [25] to 
our objectives. 


Standard bile acids were CA, DCA, DHCA, CDCA, LCA, UDCA, GCA, sodium 
glicocholate, GDCA, GCDCA, TCA, TDCA, TLCA and CME, and CHOL. All were prepared 
in methanol at a concentration of 0.1%; and, when it was necessary, at 0.2% and 0.4%, and 
filtered through a 0.45 um syringe driven HPLC filter. 


As mobile phase we used a solution of 0.3% ammonium carbonate in water/acetonitrile. The 
analyses were performed under a linear gradient constituted as follows: 73:27 v/v for 10 
minutes, 68:32 v/v for 10 minutes, 50:50 v/v for 10 minutes and from 50 to 100% acetonitrile 
until 60 minutes. The flow rate was 0.8 ml/min. Column temperature was set at 25-27°C, and 
the sample volume injected was 20 pl. For the most retained compounds, solvent gradient 
was modified, gradually increasing from the minute 30 to the minute 60 from 50% to 100% 
acetonitrile. 


We run a mixture of all standards before each series of samples, so as to compensate any 
possible variation in retention times due to column efficiency loss or environmental 
conditions. Sample peaks were tentatively assigned comparing their retention times with 
those of standard solutions, previously injected in the same conditions. 


For purposes of quantification, calibration curves for all standards in methanol were 
constructed. Regression equations were obtained through linear regression analysis and 
applied to the peak area of each bile acid as a function of concentration. 


In each chromatogram we measured the retention time (Rt) expressed in minutes which is 
defined as the time that each compound spends in eluting from the column, the peak area 
(A) expressed in absorbance units (mAU), which determines the quantity of each compound 
present in the sample and the peak width measured at the base line (W). 


8.4. Results and discussion 


HPLC has been applied in a great variety of studies with different aims; however it has 
never been used as an ecological tool for differentiating species through fecal bile acids. In 
our work, we could identify the fecal bile acid pattern for all Xenarthra studied species, 
allowing the differentiation of wild-collected feces. No differences were observed between 
males and females, or between captive and wild individuals of the same species. All the 
species presented DHCA, TCA, TLCA and LCA, besides from CHOL, and _ three 
unidentified peaks. 


When we calculated the percentage composition of each bile acid in samples from different 
individuals of the same species, we could observe that the compounds were the same; 


Use of Chromatography in Animal Ecology 51 


however, their quantities vary between them. This can be due to intra and/or interindividual 
variations. 


Variations in the composition of bile acids were reported for other biological samples. In [71] 
authors found differences in the hepatic composition of bile acids among different 
individuals of rats. Moreover, in [92] they recently reported diurnal variations, between 
morning and afternoon, in liver and plasma bile acids in laboratory mice. Bile acid circadian 
rhythm has been recognized for several years by various authors in different biological 
materials such as plasma, liver, gallbladder and intestinal contents. Our results coincide 
with those studies in which they did not report variations in the bile acid pattern of the 
species but only in the quantity of some of them [92]. 


Individual retention times for all 15 standard bile acids and CHOL, were obtained. A typical 
chromatogram of the mixture of standards shown in Fig. 4. Free bile acids, taurine- 
conjugated and glycine-conjugated bile acids were resolved in less than 32 minutes, 
achieving also the resolution of DCA and GDCA acids which could not be separated in 
previous works [25, 80]. 
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Figure 4. A typical HPLC chromatogram of the mixture of all the standards used. CA, GCA, TCA, 
CME, DHCA, DCA, CDCA, GDCA, GCDCA, UDCA, TDCA, TCDCA, LCA, TLCA, CHOL. 
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For several years, a great variety of analytical methods for quantitative determination of bile 
acids in various biological materials have been described [19, 27, 73, 74], including HPLC- 
UV assays [25, 38, 81, 83]. The different classes of bile acids have different absorption 
intensities to UV light, showing some limitations in their detection [27, 80]. The main 
disadvantages of these methods are the limited sensitivity and specificity of UV detection, 
especially in complex biological matrices, such as tissues and feces, due to the lack of a 
chromophore in the bile acid molecule [14, 66, 73, 84]. 


In our study, compounds showed greater absorbance at 200 nm, demonstrated by their 
larger areas. As it was demonstrated before by other authors [27, 69]; free bile acids were 
harder to detect than conjugated ones. Tauro-conjugated bile acids showed greater 
absorbance values than their corresponding glyco-conjugated ones. 


We could demonstrate not only the great resolution power of HPLC even with a UV 
detector, but also we achieved the resolution of the majority of the identified compounds in 
a relatively short time. In previous works, although they reported separation of different 
bile acid types, running times were longer [71]. 


The C-18 column was the most appropriated for the resolution of the majority of the 
compounds. Although when doing HPLC, there are several parameters that should be taken 
into account to achieve an efficient separation of all bile acids; among the most important 
ones, are the composition and strength of the mobile phase. The strength is involved in the 
peaks symmetry control and in the bile acid elution order [40, 93]; in this work, for most 
retained compounds we increased the mobile phase strength increasing the proportion of 
acetonitrile, so for example, we could elute cholesterol. Under these conditions, the analysis 
reproducibility in terms of retention time and areas between different runs, even among 
long periods of inactivity, was satisfactory, allowing a precise identification of the peaks. 
Moreover, the high efficiency of this chromatographic system was demonstrated and this is 
reflected in the peak sharpness. 


As we found unidentified compounds which did not coincide with any of the standards 
used, we are in process of identifying them and also confirming the identity of fecal bile 
acids found by HPLC-UV, through ESI-MS/MS. 


Finally, we were able to differentiate all Xenarthra species through their fecal bile acid 
patterns, by HPLC. This study is of great relevance because is the first one in reporting 
HPLC as an ecological tool for the identification of wild-collected mammal feces. Moreover, 
it has proved to be a relatively simple method, without large preparation and derivatization 
steps, achieving resolution and identification of most of the compounds in a short time. 


9. Conclusion 


As a non-invasive method, the analysis of feces is a fundamental tool for field work in 
ecological studies, not only to identify the presence of certain species in a particular area 
[94], but also for studying threatened species or animals difficult to observe and trap. For the 
identification, the original fecal shape must be maintained; however, as several factors can 
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corrode it through time, visual identification is not always reliable. Particularly, feces from 
Xenarthra are sometimes difficult to identify in the wild because they are, commonly, total 
or partially mixed with the substrate. 


The chromatographic determination of fecal bile acids has become a more precise method to 
identify unknown feces from the wild. The comparison of the whole pattern of fecal bile 
acids between field-collected scats and scats with known origin allows identifying the 
species from fecal material, avoiding capture and manipulation of animals. 


We were able to establish the fecal bile acid patterns for Xenarthra species, which were 
different for all of them. Moreover, these patterns were consistent among different 
individuals of the same species. As it was reported before for other mammal species [3, 5-7, 
25, 35, 36], we confirm that chromatographic determination of fecal bile acids is a precise 
technique to identify unknown wild-collected feces. 


Chromatographic techniques are the method of choice for a detailed analysis of bile acid 
profiles in biological samples. However, there is no a single satisfactory method for the 
analysis of all bile acids in biological fluids. All techniques present limitations in their 
specificity, analysis times or simplicity. Some types of samples, such as urine or feces, can 
contain complex mixtures of bile acids; other samples, such as tissues and cells, can contain 
small quantities of bile acids, being, then, easier to analyze. Thus, the choice of the analytical 
method will depend on the particular aim of the study and the type of sample. Certainly, in 
our case, the use of multiple analytical techniques (TLC, HPLC, HPLC-ESI-MS/MS) allows a 
precise resolution and confirmation of complex bile acid patterns. 


HPLC-UV analysis has been widely used for the determination of bile acids in several 
biological fluids [68]. The main disadvantage is its limited sensitivity and specificity to UV 
detection in complex biological samples, such as tissues and feces [66]. 


In our study, both techniques, TLC and HPLC, presented advantages and disadvantages in 
the analysis of Xenarthra feces. Although TLC offers advantages such as relative simplicity, 
short analysis times, ease of operation and simultaneous analysis of a big number of 
samples, as reported previously [43, 47, 93], it can be affected by external factors such as 
environmental conditions, humidity and temperature, and by the operability of the 
researcher. Moreover, it has lower resolution power and reproducibility than HPLC [44]. 


TLC separation selectivity allowed resolving and visualizing CHOL, free and amidated bile 
acids in a single run, as it was reported before [95]. TLC could also resolve pairs of bile acids 
with very similar Rf values, for example CA-GCA and DCA-CDCA. Previous works have 
reported the performance of both methodologies for bile acid analysis in gallbladder bile or 
liver. In [95] they reported that TLC produces quick, precise and reproducible results, with 
shorter analysis times and low costs. 


On the other hand, HPLC most important advantages were precision, higher resolution 
power than TLC, high sensitivity and specificity, as it was observed by other authors before 
[44, 75]. However, one disadvantage is longer analysis times due to the injection of only one 
sample at the time. 
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Diet of animals, and particularly in the case of Xenarthra species, can have an effect on the 
detectability of some bile acids. In our study, in feces with high contents of vegetal material, 
pigments appeared as colored bands in the TLC chromatographic plates and unidentified 
peaks in HPLC. However, they did not interfere with bile acid detection and we were able 
to correctly identify compounds. 


With the application of HPLC we corroborate TLC results, not only confirming the presence 
of the compounds found by TLC but also identifying new compounds which were not 
resolved by TLC, in Xenarthra feces. 


Bile acid detection constituted an essential step in both techniques. The choice of the 
detection system is governed mainly by bile acid structures. In TLC, spraying the plates 
with the revealing reagent is the critical step, in which it is important the ability and 
experience of the operator. Spraying must be uniform to avoid uncolored areas that later 
interfere with the correct identification of spots. In HPLC, different classes of bile acids have 
different absorption capabilities to UV light; this is a critical factor especially for free bile 
acids, showing limitations for their detection. However, in our study we could detect free 
bile acids. 


In relation to the components of the chromatographic system, the choice of the mobile and 
stationary phase is very important, as they depend on the type of sample and the objectives 
of the study. In TLC we used silica gel as stationary phase, which is the most used phase for 
lipid analysis [47]. The solvent system composed of toluene:acetic acid:water (5:5:1.5 v/v) 
proposed by [5] was the most adequate for our aims, achieving a good resolution of the 
great majority of the compounds, except for some tauro-conjugated bile acids such as TDCA 
and TLCA. In HPLC we used a reversed-phase column with a ODS stationary phase, and 
the mobile phase composed of ammonium carbonate and acetonitrile; under these 
conditions we were able to separate almost all bile acids, including tauro-conjugated bile 
acids not resolved by TLC. 


Thus, our work demonstrates that both techniques, TLC and HPLC, are complementary, 
and they should be used together to take advantage of the positive aspects of each one. 


The analysis of fecal bile acids is a useful tool not only for ecological and biological studies, 
but also is of great clinical interest. These determinations can be helpful in the evaluation of 
intestinal, biliary and hepatic functions, and in the diagnosis and treatment of some related 
diseases such as colon cancer [46, 96, 97]. 


Chromatographic techniques have been widely used to identify bile acids in different 
biological materials, mainly in gallbladder bile of mammal species. However, our study is 
the first one to report the use of TLC and HPLC to differentiate Xenarthra species through 
their fecal bile acid patterns. 


Finally, our work established the validity of fecal bile acids to differentiate close related 
species, being useful to assess habitat use and to study food habits of sympatric species. The 
determination of these species-specific patterns offers robust data for the elaboration of 
conservation strategies in the long term. 
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TLCA: Taurolithocholic acid 
UDCA: Ursodeoxycholicacid 
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1. Introduction 


Comprehensive proteomics analysis has the potential to provide new knowledge on cellular 
responses in development, aging, drug action, environmental stress, and disease 
pathogenesis (carcinogenesis, cardiovascular disease, etc). However, the separation and 
identification of proteomes/proteins is a challenging task due to their heterogeneous 
constituents or complex structures and closely related physico-chemical behaviors. It is clear 
that the combination of many analytical techniques is necessary to fulfill this complex task. 
At the start of proteomics research, two-dimensional electrophoresis (2DE) was routinely 
used to separate complex proteomic sample because of its high resolving power. In this 
technique, proteins are separated in a two-step process (two dimensions) based on their 
different physical properties. The first dimension is isoelectrofocusing in which proteins are 
separated based on their isoelectric points (pl, the pH where a protein's net charge is zero) 
using immobilized pH-gradient strips. Proteins then are separated according to their mass 
using sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the second 
dimension. With 2DE, thousands of proteins can be detected in a single experiment 
depending on the used staining techniques (Coomassie blue, silver, fluorescent dyes 
staining) [11]. Mass spectrometry (MS), using either electrospray ionization (ESI) or matrix- 
assisted laser desorption/ionization (MALDI), is the key technology for the identification of 
protein spots including membrane proteins, for which differential expression has been 
demonstrated [16, 30]. 


2DE, however, has some major drawbacks/disadvantages. It is time-consuming, difficult to 
reproduce and automation is hard to achieve. Furthermore, 2DE faces with many difficulties 
in analyzing several groups of proteins, such as low-abundance proteins, hydrophobic 
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proteins (membrane proteins/membrane-bound and membrane-associated proteins), very 
large as well as very small proteins and proteins with extreme pI values. Unfortunately, 
these proteins have high proportion in comparison to total cellular proteins and are usually 
the most promising targets for drug development or disease diagnostics. About 30% of the 
mammalian genome encodes integral membrane proteins [27]. However, the comprehensive 
proteomic analysis of these proteins by mass spectrometry is difficult due to the 
amphipathic (containing regions that are hydrophobic and hydrophilic) nature in integral 
membrane proteins and their general low abundance levels [23]. Since the analysis of 
membrane proteins remains a significant challenge in proteomics, other techniques need to 
be established to address these problems. There have been many strategies developed for 
enriching, isolating and separating membrane proteins for proteomic analysis that have 
moved this field forward. 


In recent years, two-dimensional liquid chromatography (2D-LC) has been employed as a 
complementary or alternative separation technique to 2DE. The combination of liquid 
chromatography as a separation tool for proteins and peptides with tandem mass 
spectrometry as an identification tool referred to as LC-MS/MS has generated a powerful 
and broadly used technique in the field of proteomics [6, 9, 10, 21, 22], particularly in the 
analysis of membrane proteomes [18, 19]. With the development of new quantitative 
strategies and bioinformatics tools to cope with the analysis of the large amounts of data 
generated in proteomics experiments, the resolution and sensitivity state-of-the art LC- 
MS/MS systems has reached dimensions allowing not only the analysis of individual 
proteins but also investigations on the level of complete proteomes [8]. This approach is 
usually based on the injection of the digested protein sample onto a strong cation-exchange 
(SCX) column as a first-dimension separation. Peptides bound in SCX column are eluted 
and separated from the column as fractions by an injecting salt plugs/salt step gradient of 
increasing salt concentration. Each fraction is subsequently separated on a reversed-phase 
(RP) column as the second orthogonal separation dimension before being presented to mass 
spectrometry analysis. Different stationary phases in chromatography columns provide 
variable levels of resolution. Reversed-phase chromatography is highly compatible with 
subsequent mass spectrometric analysis due to the lack of salts in the buffers and provides 
relatively high-resolution separation. Most reversed-phase stationary phases for LC-MS 
analysis consist of silica beads of 3-5 um in diameter with alkyl chains of either eight or 
eighteen carbons in length (C8 or C18) attached. Using column switching, the entire 
procedure is on-line and fully automated. In order to improve sensitivity the reversed phase 
separation is usually performed in the nanoflow scale and mass spectrometry is used as the 
final detection method. 


In this chapter a strategy for enrichment, isolation, separation, identification and 
characterization of mouse brain membrane proteins with the basic setup of two-dimensional 
nano liquid chromatography (2D-nanoLC) system (UltiMate™/FAMOS/Switchos™, LC 
Parking, Dionex, The Netherlands) coupled online with QSTAR®XL MS/MS mass 
spectrometer (Appllied Biosystems/MDS SCIEX, Ontario, Canada) is presented. 
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Figure 1. A scheme illustrating the necessary steps, including enrichment and extraction, separation, 
identification and characterization for proteomic analyses of mouse brain membrane proteins using gel- 
based approach in combination with comprehensive two-dimensional nano liquid chromatography 
(2D-nanoLC) coupled online with tandem mass spectrometry. 


2. Membrane protein enrichment and extraction 


Swiss mouse brains were collected as soon as possible after the animals were killed. The 
samples (3-5 g) were excised into approximately 5 mm wide pieces using scissors and 
washed with 10 ml of ice cold PBS buffer (0.2 g KCI, 8 g NaCl, 1.44 NazHPOs, 0.24 g 
KH2POs) and then resuspended in 3 volumes of the homogenization medium (0.25 M 
sucrose in 5 mM Tris-HCl pH 7.4 with 1 mM _ tetrasodium EGTA, 1 mM sodium 
orthovanadate (Na3VOs) and 2 mM sodium fluoride in deionized filter-sterilised MilliQ 
water) containing protease inhibitors (Calbiochem Protease Inhibitor Cocktail Set 111, 
catalog number 39134, contains AEBSF, aprotinin, bestatin, E-64, leupeptin, pepstatin A). 
After the medium has been drained off, new medium was replaced and drained off 
again. 10 ml of homogenisation medium (containing inhibitors) was added and the 
sample was homogenised using a Polytron in a Potter homogeniser with motor driven 
teflon pestle at approximately 1,000 rpm. Completely homogenized samples were 
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centrifuged at 10,000 rpm for 15 min at 4°C to sediment large organelles. The obtained 
supernatant was used for recentrifugation again at 10,000 rpm for 15 min at 4°C. The 
supernatant was collected and centrifuged at 40,000 rpm at 4°C for 1 hr. After discarding 
the clear supernatant, the membrane pellets were retained and washed by resuspending 
in ice-cold 0.1 M NazCOs containing protease inhibitors for 1 hr. The mouse brain 
membrane protein fractions were obtained by centrifugation again at 40,000 rpm for 1 h 
at 4°C. The sample was divided and stored at -80°C until use. The protein concentration 
of the extracted membrane fractions was assessed using a Quick Start™ Bradford Protein 
Assay Kit (Bio-Rad, Hercules, CA 94547 USA). 


3. Protein quantification 


Protein concentration of the extracted membrane fractions was determined using Bio- 
Rad’s Quick Start™ Bradford Protein Assay [5]. The assay is based on the observation that 
the maximum absorbance for an acidic solution of Coomassie Brilliant Blue G-250 shifts 
from 465nm to 595 nm when binding to protein occurs. Both hydrophobic and ionic 
interactions stabilize the anionic form of the dye, causing a visible colour change. For the 
standard curve, bovine serum albumin over a wide range of concentrations (0.1 - 20 g/l) 
was used. The low concentration range assay was used in the test tube format. 2 ul of 
standard or sample was added to 798 ul of MilliQ water. 200 uL of Bio-Rad reagent was 
added, mixed, and incubated for 10 min at room temperature. The absorbance at the 
wavelength of 595 nm was measured in a spectrophotometer. Glass or polystyrene 
(cheap) cuvettes have been used, however the color reagent stained both. Disposable 
cuvettes were recommended. 


4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and in-gel digestion 


4.1. SDS-PAGE 


All chemicals including Precision Plus Protein Unstained Standards (catalog number: 161- 
0363EDU), Coomassie Brilliant Blue G-250 Staining Solution Kit (catalog number: 161- 
0435EDU) using for SDS-PAGE, were purchased from Bio-Rad (Bio-Rad Laboratories, Inc., 
CA 94547, USA). The procedure was carried out according to Laemmli [14]. 


The following stock solutions were prepared: (i) 1.5 M Tris-HCl, pH 8.8; (ii) 0.5 M Tris-HCl, 
pH 6.8; (iii) 30%  acrylamide/bisacrylamide solution (37.5:1); (iv) N,N,N,N 
tetramethylethylenediamine (TEMED); (v) freshly prepared 10% ammonium persulphate 
(APS) solution; (vi) 10% sodium dodecyl sulphate (SDS) solution; (vii) 10X SDS gel running 
buffer (30 g Tris-base, 144 g glycine, 10 g SDS, dissolved in MilliQ water and adjusted to a 
volume of one liter); (viii) 5X sample buffer (10% SDS, 50% glycerol, 300 mM Tris-HCl (pH 
6.8), 0.05% bromphenol blue. Dithiothreitol (DTT) was added to a final concentration of 100 
mM prior to use). 
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The membrane fraction was solubilized in lysis buffer containing 3% SDS. Equal volumes 


containing approximately 25 ug/lane of MP were separated by 12% SDS-PAGE and were 
visualized by staining with Coomassie Brilliant Blue G-250. 
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Figure 2. The separation of membrane proteins (MPs) by SDS-PAGE. The gel was cut into 10 slices that 
covered known apparent mass ranges. Lane M, protein standard markers; lane 1 & lane 2: membrane 
protein fractions isolated from mouse brain; 1-10: slices to be cut for trypsin in-gel digestion, separation 
and analyses by nanoLC-MS/MS. 


4.2. In-gel digestion 


In-gel digestion of proteins isolated by gel electrophoresis was carried out according to the 
protocol published by Shevchenko et al [25] with some modifications described in our 
previous study [3, 28, 29]. All chemicals including DTT, iodoacetamide (IAA), ammonium 
bicarbonate, ammonium acetate, trypsin (proteomics sequencing grade), sodium 
bicarbonate and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA) 
prepared using deionized filter-sterilised MilliQ water. 


Upon electrophoresis, proteins were fixed within a polyacrylamide matrix by incubating the 
entire gel in 5% (vol/vol) acetic acid in 1:1 (vol/vol) water:methanol. Coomassie blue-stained 
protein bands were excised from gels and placed into 1.5 ml eppendorf tubes, destained 
with 50% ACN in 25 mM NH4HCO pH 8.0 at room temperature with occasional vortexing, 
until gel pieces became white and shrank, and then acetonitrile was removed. The gel pieces 
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were then reduced by incubating with 5 mM DTT solution at 56°C for 45 min and alkylated 
for 1 hr with 20 mM IAA solution in darkness at room temperature. The membrane proteins 
were digested by adding trypsin buffer (0.03 g/l in 10 mM ammonium bicarbonate 
containing 10% (vol/vol) acetonitrile) and incubating overnight at 37°C. Check if all solution 
was absorbed and add more trypsin buffer, if necessary. Gel pieces should be completely 
covered with trypsin buffer (typically, 50 pl or more). 


4.3. Sample cleanup with C-18 ZipTips 


The resulting peptide digestion products were extracted by adding 100 ul of extraction 
buffer (1:2 (vol/vol) 5% formic acid/acetonitrile) to each tube and incubated for 15 min at 37 
°C in a shaker. All extracts were saved and dried and re-dissolved in 10-20 ul of 0.1% FA, 
incubated for 2-5 min in the sonication bath and centrifuged for 15 min at 10,000 rpm at the 
bench-top centrifuge. The obtained supernatant was applied for binding the samples onto 
micro pipette tips (wC18), catalog number ZTC18S096 (ZipTip®, Millipore Co., Billerica, 
MA 01821 USA), equilibrated by being aspirated and dispensed with 100% acetonitrile, 40% 
acetonitrile/0.1% FA, 0.1% FA solutions. The samples were washed (4 times by aspirating 
and dispensing) with 15 ul of 0.1% FA), then eluted with 10 ul of 40% acetonitrile/0.1% FA. 
Appropriate aliquots were withdrawn for LC-MS/MS analysis or store at -20°C as 
contingency. 


5. Two-dimensional nano liquid chromatography (2D-nanoLC) 


The basic setup of an online two-dimensional nano liquid chromatography (2D-nanoLC) 
system (LC Parking, Dionex, The Netherlands) was developed for improved separation and 
hydrophobic peptide recovery, especially for complex peptides made from enzymatic 
digests of selected proteomes. The system works with the principle of elution of the digested 
peptides from the first dimension SCX column with injected salt solution plugs of increasing 
concentration. The eluted peptides are again trapped and introduced into the nanoflow path 
for separation and analysis by second dimension RP column and tandem mass 
spectrometry. The great advantage of the system is a robust and fully automated separation. 
The methods are easy to set up and composed of identical runs differing only in the 
concentration of injected salt plugs. 


For the mentioned above online 2D-nanoLC system, the following columns were used: (i) strong 
cation exchange (SCX) column (500 pm i.d.x1.5 cm) packed with BioX-SCX, 300 A, 5 um, (LC 
Parking, Dionex, P/N 161395); (ii) Trap column: 300 um i.d.x 0.5 cm, packed with PepMap™ 
C18, 100 A 5 um, (LC Parking, Dionex, P/N 160454); (iii) Reversed phase (RP) column: 75 uum 
i.d.x 15 cm, packed with C18 PepMap100, 100 A,3 uum, (LC Parking, Dionex, P/N 160321). The 
column physico-chemical properties, functions, and the mobile phase, loading/eluted solvents 
for the flow diagram in online 2D-nanoLC system (UltiMate™/FAMOS/Switchos™, LC 
Packings, Dionex) with the 10-port valve automatic swiching configuration are shown in details 
in table 1 and figure 3. 
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Type of column 


Function 


Physical 
properties of 
column 


Injected volumn 
Flow rate 
Loading flow 
Loading solvent 


Eluted solvent 
(Elute positively 
charged 
peptides on 
SCX) 


Mobile phase 


2 
1s Dimension - 
Exchange Ion 
Chromatography- 
SCX column 
Separation of a 
protein/peptide on 
an ion exchange 


500 um id. x 1.5 cm, 
300 A, 5 um 
(LC Parking, 

Dionex, P/N 161395) 


20 pl 
200 nl/min 


Ammonium acetate 
solutions: 10 mM, 20 
mM, 40mM, 60mM, 
80mM, 100 mM, 200 
mM, 500mM, 1M, 
2M 


3 


PepMap nano RP 
Trapping column 


Pre-concentrating 
sample 


300 um i.d. x 0.5 cm, 
PepMap™ C18, 5 
um, 100A (LC 
Parking, Dionex, P/N 
160454) 


30 l/min 
0.1% FA, pH2.9 


4 


2d Dimension- 
Reversed Phase C18 
column 


Separation of a 
protein/peptide ona 
reversed phase 


75 umi.d. x 15 cm, 
packed with 
PepMap™ 18, 100 A, 
3 um, (LC Parking, 
Dionex, P/N 160321) 


A (0.1% FA in LC-MS 
grade water); 
B (0.1% FA in 85% 
LC-MS grade ACN) 


Table 1. The type of columns with their physico-chemical properties, functions and the mobile phase, 
loading/eluted solvents that were used for basic experimental setup of an online two-dimensional nano 
liquid chromatography system (2D-nanoLC, UltiMate™/FAMOS/Switchos™, LC Parking, Dionex, The 
Netherlands). 


For in-gel digest samples, as the first step, the peptide mixture was re-dissolved in 30 ul of 
0.1% FA and directly loaded onto a strong cation exchange (SCX) column (500 um i.d.x1.5 
cm, 5 um, 300 A) at a flow rate of 30 pl/min. Bound peptides were eluted by following 
ammonium acetate gradients from 10 mM to 2 M: 10 mM, 20 mM, 40mM, 60mM, 80mM, 100 
mM, 200 mM, 500mM, 1M and 2M and then desalted and concentrated independently on a 
C18 trap column (300 um id. x0.5 cm, 5 um, 100 A). The eluted peptides were further 
separated onto a reversed phase C18 column (75 um i.d.x15 cm, 5 um, 100 A), for the second 
dimension. The flow rate was maintained at 200 nl/min with solvent A (0.1% FA in LC-MS 
grade water). With 10 different concentrations of ammonium acetate (plugs), there should 
be 10 identical runs. 
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Figure 3. Illustration of the flow diagram in online 2D-nanoLC system 
(UltiMate™/FAMOS/Switchos™, LC Packings, Dionex) with the 10-port valve automatic swiching 
configuration and localization of BioX-SCX column, Trap C18 column and RP C18 column in: (a) 


loading mode, (b) clean-up mode and (c) analysis mode. 
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After washing (~12 min), peptides were eluted from a reversed phase C18 column using the 
solvent B (0.1% FA in 85% LC-MS grade ACN) gradients: from 5 to 20% of solvent B in 25 
min, 20 to 70% in 28 min, 70 to 100% in 10 min and maintaining 100% B in 10 min, and back 
to 5% Bin 5 min. 


6. Integrating NanoLC system and tandem mass spectrometer 


In our example, samples were delivered into the instrument by an automated in-line 
(integrated LC Parking’s System, 5 mm C18 nano-precolumn and 75 um id. x 15 cm 
column, packed with C18 PepMap100, 100 A, 3 uum, (LC Parking, Dionex, P/N 160321) via a 
nanoelectrospray source head and 10 um inner diameter PicoTip (New Objective, 
Massachusetts, USA) (Figure 4). 


According to the workflow, after 2D-nanoLC separation, peptides were independently 
analyzed by a QSTAR®XL MS/MS mass spectrometer (Appllied Biosystems/MDS SCIEX, 
Ontario, Canada) equipped with a nanoESI source. MS and MS/MS spectra were recorded 
and processed in IDA mode (Information Dependent Acquisition) controlled by Analyst QS 
software. Typical settings are chosen to select multiply charged ions for MS/MS that 
produce at least 45-50 ion counts/s in a 0.5 s survey scan. The range of the MS full scan was 
from 400 to 1200 amu followed by MS/MS fragmentation of the three most intense precursor 
peptide ions for 1 s each. 
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Peptide _. ——— 
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emitter 
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(75 um i.d. x15 cm) 
Charged droplets 
of ion peptide 
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Figure 4. Setup and demonstration of nanoLC-MS interface, link between nanolC with 
nanoelectrospray ionization source and tandem mass spectrometry: (a) Schematic diagram of a nanoLC- 
MS interface; (b) Interface of nanoLC (LC Parkings, Dionex, Netherlands) with QSTAR®XL MS/MS mass 
spectrometer (Appllied Biosystems/MDS SCIEX, Ontario, Canada). By using this system, complex 
sample can be injected, desalted, separated and analyzed in complete automatization. 
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7. Protein identification and validation 


There are a number of different methods for identifying the proteins in the sample, and the 
most frequently used is the searching of the uninterpreted MS/MS data. The FASTA 
formatted protein sequences from National Center for BioTechnology Information (NCBI) 
and UniProtKB/Swiss-Prot databases are collected for proteins identified or identification by 
each MS experiment. Searching uninterpreted MS/MS data from a single peptide or from a 
complete nanoLC-MS/MS run was automatically analyzed with a non-redundant protein 
database by the program SEQUEST, which allows the correlation of experimental data with 
theoretical spectra generated from known protein sequences [7]. 


The precursor mass is used as a filter to find a list of candidate peptide sequences from the 
theoretical digest of the database. A variety of different systems are used to score the 
experimental MS/MS spectrum against spectra predicted from the candidate peptide 
sequences. For protein identification, experimental data were searched against the NCBInr 
and Swiss-Prot mouse protein database using Mascot v1.8 software in which the criteria 
were based on the manufacturer’s definitions (Matrix Science Ltd, London, UK) [20]. The 
parameters were set as follows: enzymatic cleavage with trypsin; 1 potential missed 
cleavage; a peptide and fragment mass tolerance of + 0.25 Da, and fixed modification of 
carbamidomethyl (cysteine); variable modification of oxidation (methionine); 1*, 2+, and 
3* peptide charge. Protein identifications were performed using a Mowse scoring 
algorithm with a confidence level of 95% and at least two matched peptides, showing a 
high score [12]. 


For further verification, proteins might be validated by MSQuant software [1, 4, 24] 
available at http://msquant.sourceforge.net. The MSQuant software is used as a validation 
and quantitation tool that produces the Mascot peptide identifications (HTLM files) and 
allows manual verification against the raw MS data (QSTAR XL raw files). The MSQuant 
software will pick up significant and verified hits from the Mascot output file and export 
information of identified proteins into an .xls file, including the GI (genInfo identifier) 
number and molecular-mass values. 


8. Prediction of transmembrane domains (TMDs) 


The identified proteins were categorized based on their cellular locations and biological 
processes according to Gene Ontology (GO) information obtained at 
http://www.ebi.ac.uk/pub/databases/GO/goa/mouse and ftp://ftp.geneontology.org/pub/go/ 
[2]. The TMHMM (www.cbs.dtu.dk/services/TMHMM/) algorithm was used to predict 
transmembrane domains (TMDs) [15, 26]. 


The average hydrophobic values and transmembrane domains of the identified proteins were 
calculated using the SOSUI system that is available at http://bp.nuap.nagoya-u.ac.jp/sosui/ 
[11]. The proteins exhibiting positive GRAVY values were recognized as hydrophobic and 
those with negative values were hydrophilic [13]. 
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Figure 5. Illustration of 2D-nanoLC-ESI-MS/MS spectra: (a) The total ion current (TIC) profile tryptic 
digest of membrane proteins (band 6) at the concentration of 100 mM ammonium acetate for run time 0- 
50 min; (b) TOF-MS spectrum at 16.054 min; (c) TOF product spectrum of a peptide ion with m/z = 510.45. 
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a CD: \PROJECTS\NASFOTED\MASCOT RESULT\B6 


‘scuxces Mascot Search Results 


User : Nguyen Tien Dung 

Email : nguyentiendung bk@yahoo.com 

Search title : Mouse membrane - Band 6 

MS data file : CM6D_CID.pkl 

Database : SwissProt 2011 (533049 sequences; 189064225 residues) 

Taxonomy : Mus musculus (house mouse) (16480 sequences) 

Timestamp : 15 Dec 2011 at 10:25:38 GMT 

Protein hits : ADT2 MOUSE ADP/ATP translocase 2 OS=Mus musculus GN=Sle25a5 PE=1 5V=3 


MOG MOUSE Nyelin-oligodendrocyte glycoprotein O5=Mus musculus GN=Mog PE=1 SV=1 
PHB MOUSE Prohibitin O5=Mus musculus GN=Phb PE=1 S5V=1 

NDUS3 MOUSE NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 
ADT1 MOUSE ADP/ATP translocase 1 O5=Mus musculus GN=Sle25a4 PE=1 SV=4 

VDAC1_ MOUSE Voltage-dependent anion-selective channel protein 1 05=Mus musculus 
TBAIA MOUSE Tubulin alpha-1A4 chain O5=Mus musculus GN=Tubala PE=1 5V¥=1 

VDAC2 MOUSE Voltage-dependent anion-selective channel protein 2 O5=Mus musculus 
TBB2A MOUSE Tubulin beta-2A chain OS=Mus musculus GN=Tubb2a PE=1 5V=1 

M20M MOUSE Mitochondrial 2-oxoglutarate/malate carrier protein OS=Mus musculus 
MPCP MOUSE Phosphate carrier protein, mitochondrial O5=Mus musculus GN=5lce25a3 
TBB5 MOUSE Tubulin beta-5 chain O5=Mus musculus GN=TubbS PE=1 SV=1 

TBB4B MOUSE Tubulin beta-4B chain O5=Mus musculus GN=Tubb4b PE=1 SV=1 

TBB3 MOUSE Tubulin beta-3 chain OS=Mus musculus GN=Tubb3 PE=1 SV=1 

ATPG MOUSE ATP synthase subunit gamma, mitochondrial OS=Mus musculus GN=Atp5cl1 
C¥1_ MOUSE Cytochrome cl, heme protein, mitochondrial OS=Mus musculus GN=Cycl 
TBB6 MOUSE Tubulin beta-6 chain O5=Mus musculus GN=Tubb6 PE=1 S5V=1 

TBASA MOUSE Tubulin alpha-44 chain O5=Mus musculus GN=Tuba4a PE=1 SV¥=1 
NSF_MOUSE Vesicle-fusing ATPase OS=Mus musculus GN=Nsf PE=1 SV=2 

VDAC3_ MOUSE Voltage-dependent anion-selective channel protein 3 O5=Mus musculus 
H1i2 MOUSE Histone H1.2 O5=Mus musculus GN=Histihie PE=1 SV=2 

CH37 MOUSE 2',3'-cyclic-nucleotide 3'-phosphodiesterase OS=Mus musculus GN=Cnp 
1433E_MOUSE 14-3-3 protein epsilon O5=Mus musculus GN=Ywhae PE=1 5V¥=1 

KCC2A_ MOUSE Calcium/calmodulin-dependent protein kinase type II subunit alpha 
ETFB MOUSE Electron transfer flavoprotein subunit beta O5=Mus musculus GN=Etfb 
14336 MOUSE 14-3-3 protein gamma O5=Mus musculus GN=Ywhag PE=1 5V=2 

AINX MOUSE Alpha-internexin O5=Mus musculus GN=Ina PE=1 5V¥=2 

RAB3A_MOUSE Ras-related protein Rab-3A O5=Mus musculus GN=Rab3a PE=1 5V=1 
MBP_MOUSE Nyelin basic protein OS=Mus musculus GN=Mbp PE=1 SV=2 

1433T MOUSE 14-3-3 protein theta O5=Mus musculus GN=Ywhaq PE=1 5V=1 

GSTM1_ MOUSE Glutathione S-transferase Mu 1 O5=Mus musculus GN=Gstml PE=1 SV=2 
PHB2 MOUSE Prohibitin-2 O5=Mus musculus GN=Phb2 PE=1 SV=1 

NEL_MOUSE Neurofilament light polypeptide O5=Mus musculus GN=Nefl PE=1 SV=5 
GFAP MOUSE Glial fibrillary acidic protein O5=Mus musculus GN=Gfap PE=1 5V=4 
14332 MOUSE 14-3-3 protein zeta/delta OS=Mus musculus GN=Ywhaz PE=1 SV=1 

MYPR MOUSE Myelin proteolipid protein O5=Mus musculus GN=Plp1 PE=1 S5V¥=2 

Hid MOUSE Histone H1.4 O5=Mus musculus GN=Histihle PE=1 S5V=2 

NEH_MOUSE Neurofilament heavy polypeptide O5=Mus musculus GN=Nefh PE=1 3V=3 


Figure 6. An example of Mascot search result shows list of the identified mouse brain membrane 
proteins isolated from band 6 (see figure 2) and their accession numbers, using SwissProt database 
(533049 sequences, 189064225 residues) 
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Query title : None 
Total length : 303 A. A. 


Average of hydrophobicity : 0.250825 


This amino acid sequence is of a MEMBRANE PROTEIN 
which have 3 transmembrane helices. 
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Figure 7. An example of hydropathy profile and transmembrane regions/domains of an identified 
mouse brain membrane protein calculated using the SOSUI system that is available at 
http://bp.nuap.nagoya-u.ac.jp/sosui/ [11]. 


9. Conclusion 


Identification and characterization of membrane proteins is a crucial challenge in 
proteomics research. Thus, we have designed a strategy of gel-based approach in 
combination with comprehensive two-dimensional nano liquid chromatography (2D- 
nanoLC) that is robust and offers high separation capacity and high analysis throughput for 
mouse brain membrane proteins. By using this system, mixtures of in-gel trypsin-digested 
mouse brain membrane proteins were injected, desalted, separated and analyzed in 
complete automatization. The workflow started by the extraction and purification of the 
membrane fractions, then the SDS-PAGE was carried out as a useful preparative separation 
step. After staining, the gel slides with protein bands were cut, reduced, alkylated and 
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trypsin-digested. The peptide mixtures extracted from each gel slice were fractionated by 
2D-nanoLC coupled online with tandem mass spectrometry analysis (nanoESI-Q-TOF- 
MS/MS). The proteins were identified by MASCOT search against mouse protein database 
using a peptide and fragment mass tolerance of +0.25 Da. Protein identification was carried 
out using a MOWSE scoring algorithm with a confidence level of 95% and processed by 
MSQuant software for further validation. In total, 298 identified membrane proteins from 
mouse brain tissues were verified by UniProt database, SOSUI and TMHMM prediction 
algorithms. Of these, 129 (43.3%) proteins have at least one transmembrane domain 
according to SOSUI and TMHMM. Furthermore, the function, subcellular location, 
molecular weight, post-translational modifications, transmembrane domains (TMD) and 
average of hydrophobicity of the identified membrane proteins might be categorized and 
analysed. 
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1. Introduction 


The study of the metabolic fate of drugs is an essential and important part of the drug 
development process, research of drug metabolism pathways, drug-drug interactions, drug- 
herb interactions, influence of genetic polymorphisms and other factors that influence the 
phase I and/or II metabolism of a drug. Different in vitro methods, from subcelullar to organ 
range, and in vivo studies are applied for the clarification of drug metabolism. The analysis 
of metabolites in complex biological matrices is a challenging task therefore several 
analytical methods for qualification and quantification of drug metabolites are used. Liquid 
chromatography coupled with mass spectrometry (LC-MS) has become the most powerful 
analytical tool for screening and identification of drug metabolites in biological matrices. 
However, adequate sample preparation is a key prerequisite aspect of successful 
quantitative and qualitative bioanalysis. Different approaches for metabolite quantification 
in biological samples from direct quantification, indirect quantification through parent drug 
after metabolite hydrolysis to quantification supported by using response factors between 
drug and their metabolites are often used. The most frequently used method for 
quantification is liquid chromatography coupled to different detectors such as mass 
spectrometer or UV detector. The LC-MS/MS methods are considered as most appropriate 
for determination of drugs and their metabolites and are also best suited for high 
throughput analysis. However, in LC-MS/MS assays, matrix effect and selection of suitable 
internal standards should be adequately addressed. 


2. Background of drug metabolism 


The study of the metabolic fate of drugs is an essential and important part of the drug 
development process. During drug evaluation the research of drug metabolism is of high 
importance especially when metabolites are pharmacologically active or toxic or when a 
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drug is extensively metabolized [1]. Interindividual differences in drug metabolism also 
lead to the research of factors that affect drug metabolism [2, 3]. Moreover, a metabolism of 
toxic substances is also frequently investigated [4]. 


In early discovery, drug metabolism input provides a basis for choosing chemical structures 
and lead compounds with desirable drug metabolism and pharmacokinetic (DMPK) or 
safety profiles [5, 6]. It is the fact that the shift of the rate of drug attrition from 40% in 1990 
to 10% in 2000 was due to increased efforts in applying DMPK principles for drug 
development. Beside traditional drug metabolism research that focuses on absorption, 
distribution, metabolism and excretion in vitro and in vivo studies, the knowledge about 
pharmacogenetics, pharmacogenomics and transporters brought many advances in drug 
metabolism research [5]. For the feasibility to successfully monitor the drug metabolism, 
suitable bioanalytical methods have to be developed and validated. Studies of metabolic fate 
of drugs in living systems may be divided into three areas: 1) elucidation of 
biotransformation pathways, 2) determination of pharmacokinetics of the parent drug 
and/or its primary metabolites and 3) identification of chemically-reactive metabolites that 
are important in drug-induced toxicity [7]. 


Metabolism is a process of biotransformation when drugs are transformed into a different 
chemical form by enzymatic reactions. Mainly, metabolism increases drug hydrophilicity 
and decreases the toxicity and activity of most drugs. On the other hand, the 
biotransformation reactions could lead to bioactivation of drugs in which case the 
metabolite is more toxic and/or more active than the parent drug (reactive metabolite 
formation) [8]. The mechanism of bioactivation of drugs may be classified into following 
categories: biotransformation to stable but toxic metabolites, biotransformation to 
electrophiles, biotransformation to free radicals and formation of reactive oxygen 
metabolites. Additionally, bioactivations are also the transformations of a prodrug, 
promoiety or bioprecursor prodrug to a more effective metabolite [9]. Prodrug approach is 
commonly used in order to overcome the poor bioavailability of the active form of the drug. 
In case when prodrug consists of two pharmacologically active drugs that are coupled 
together in a single molecule it is called promoiety. Another type of prodrug is a 
bioprecursor drug which does not contain a carrier or promoiety, but results from a 
molecular modification of the active agent itself [9]. 


There are several factors influencing drug metabolism such as genetic, physiologic, 
pharmacodynamic and environmental factors. CYP2D6, CYP2C19, CYP2C9, CYP3A4, 
CYP3A5 are enzymes that are responsible for metabolism of many marketed drugs and are 
also highly polymorphic [10]. Many non-cytochrome P450 drug metabolizing enzymes also 
play important role in the metabolism of a variety of drugs. Among them polymorphisms of 
thiopurine methyltransferase (TPMT), butyrylcholinesterase, N-acetyltransferase (NAT) and 
UDP-glucuronosyltransferase (UGT) influence the metabolism of drugs [11]. Different 
physiological factors such as age, sex, disease state, pregnancy, exercise, circadian rhythm 
and starvation lead to the impaired metabolism among subjects and should be taken into 
consideration when evaluating the drug metabolism. Dose, frequency, route of 
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administration, tissue distribution and protein binding of the drug affect its metabolism. 
Moreover, environmental factors such as environmental chemicals, co-administered drugs, 
tobacco, smoking, alcohol drinking and dietary constituents may change not only the 
kinetics of enzyme reaction but also the whole pattern of metabolism, thereby altering the 
bioavailability, pharmacokinetics, pharmacologic activity or the toxicity of the drug [10, 11]. 


3. Drug metabolic pathways 


Drugs are metabolized by different reactions that are classified into two groups: phase I 
and phase II. Phase I reactions include oxidation, reduction and hydrolysis. The function 
of phase I reactions is to introduce a new functional group within a molecule, to modify 
an existing functional group or to expose a functional group that is a substrate for phase IT 
reactions. Phase I reactions are responsible for enhancement of drugs’ hydrophilicity and 
consequently facilitate the excretion. Phase II reactions represent conjugating reactions 
and mainly further increase the hydrophilicity and facilitate the excretion of metabolites 
from the body [10]. Enzymes that catalyze phase I reactions include microsomal 
monooxygenases (cytochrome P450, flavin-dependent monooxygenase) and peroxidases, 
cytosolic and mitochondrial oxidases, reductases and hydrolytic enzymes. Cytochrome 
P450 enzymes may catalyze aliphatic hydroxylation, N-, O-, S-dealkylation, oxidative 
dehalogenation, epoxidation [6]. The participation (%) of hepatic CYP450 isoforms in the 
metabolism of clinically important drugs is as follows: 3A4/5 (36%), 1A1 (3%), 1A2 (8%), 
2B6 (3%), 2C8/9 (17%), 2C18/19 (8%), 2D6 (21%), 2E1 (4%) [10]. Flavin-dependent 
monooxygenase, a flavoprotein, is a microsomal monooxygenase that is not dependent on 
cytochrome P450. It is capable of oxidizing nucleophilic nitrogen and sulfur atoms [6, 10]. 
Other typical phase I oxidation enzymes are monoamineoxidase (MAO), diamineoxidase 
(DAO), cyclooxygenase (COX), alcohol dehydrogenase (ADH), aldehyde dehydrogenase 
(ALDH), molybdenum hydroxylase (include aldehyde oxidase, xanthine oxidase and 
xanthine dehydrogenase). In addition to promoting oxidative metabolism, cytochrome 
P450 enzymes may also catalyze reductive biotransformation reactions for the reduction 
of azo and nitro compounds to primary amines [10, 12]. Hydrolytic enzymes that consist 
of non-specific esterases and amidases are also a member of phase I enzymes of 
metabolism [6, 10]. 


Phase I reactions may be followed by phase II reactions; however preceding phase I 
reactions are not a prerequisite. Phase II enzymes are highly capable of polarizing 
lipophilic drugs through conjugation with a polar substrate that facilitates excretion 
[13]. Contrary to phase I reactions, phase II reactions demand energy to drive the 
reaction. Energy is usually consumed to generate a cofactor or an activated intermediate 
then utilized as co-substrate [6]. Phase II reactions are catalysed by UDP- 
glucuronosyltransferases (UGT), sulfotransferases (SULT), N-acetyltransferases (NAT), 
glutathione-S-transferases (GST) and methyltranserases [6, 10, 13]. Of the conjugating 
reactions glucuronidation, which catalyzes the transfer of glucuronic acid to aliphatic 
and aromatic compounds, is the most important. UGTs are able to form O-, N- and S- 
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glucuronides and require uridine diphosphate glucuronic acid for glucuronide 
formation [6, 10]. SULT is the enzyme responsible for the formation of sulfate esters in 
the presence of co-substrate 3’-phospohoadenosine-5’-phosphosulfate (PAPS). Aromatic 
amines, hydrazines, sulfonamides and certain aliphatic amines are biotransformed to 
amides in a reaction catalyzed by N-acetyltransferase and utilize acetyl coencyme A as 
cofactor [6]. Another important conjugating reaction is a conjugation with glutathione 
which is present in many cells at high concentrations. Glutathione conjugation captures 
reactive electrophiles and transforms them to stable, often non-toxic tioethers [6]. 
Methylation is a process that results in a formation of O-, N- and S-methylated products 
by the transfer of methyl group from methionine [10]. 


4. Models for evaluation of drug metabolism 


In this chapter different in vitro and in vivo models for the evaluation of drug metabolism are 
presented. Advantages and disadvantages of subcellular fractions (microsomes, 
recombinant enzymes, cytosolic liver fractions, liver S9 fraction), cellular fractions (isolated 
hepatocytes, immortal cell lines, liver slices, perfused liver), in vivo animal and human 
studies will be presented. 


Biotransformation occurs in liver, intestine, kidney, lungs, brain, nasal epithelium and skin. 
Since liver is the most important organ for drug metabolism [14, 15] the liver-based in vitro 
technologies for evaluation of drug metabolism are presented below. In vitro models that 
range from whole cell system to enzyme preparations are now increasingly applied for 
quantitative and qualitative assessment in preclinical drug development, post-approval 
routine checks, identification of metabolic determinant factors and prediction of drug-drug, 
herb-drug and food-drug interactions [15]. 


4.1. Recombinant human CYP and UGT enzymes (supersomes, baculosomes) 


Recombinant human CYP and UGT enzymes have proven to be a useful tool in in vitro 
biotransformation studies. This in vitro model, referred to also as supersomes or 
baculosomes, is produced by transfection of insect cells with cDNA for human CYP and 
UGT by baculo virus, namely insect cells lack endogenous CYP and UGT activity. The 
advantage of this system is that enzyme activity of one single CYP or UGT isoform is 
expressed and therefore the assessment of individual metabolic enzyme and its contribution 
to the metabolic pathway could be performed. Additionaly, this in vitro system could be 
used also for the evaluation of drug-drug interactions. Moreover, due to availability of 
supersomes with different CYP and UGT genotypes, the influence of different 
polymorphisms on drug biotransformation could be estimated. Currently, all common 
human CYPs and UGTs co-expressed with NADPH-cytochrome P450 reductase are 
commercially available. The disadvantage of this in vitro model is the latency of 
glucuronidation because the active site of UGT is shielded behind a hydrophobic barrier. To 
resolve this problem a pore-forming agents such as alamethicin are used [14-18]. 
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When performing the experiment with supersomes, the experiment with control 
nontransfected supersomes should be conducted. A NADPH regenerating system (NRS), 
which consists of B- NADPH, glucose-6-phosphate and glucose-6-phosphate dehydrogenase, 
or NADPH is required in the incubation for the evaluation of CYP activity and uridine 
diphospoglucuronic acid (UDPGA) has to be added as a cofactor when evaluating UGT 
enzyme activity [14-16]. 


4.2. Human liver microsomes (HLM) 


HLM are vesicles of hepatocyte endoplasmic reticulum obtained by differential 
centrifugation of liver preparations (homogenates) from fresh human liver, liver slices, liver 
cell lines and primary hepatocytes. This subcellular fraction is a rich source of following 
enzymes: cytochrome P450s, flavin-monooxigenase (FMO), carboxyl esterases, epoxyde 
hydrolase and UGTs. Therefore, HLM are most frequently utilized in vitro model in drug 
metabolic profiling and drug interaction studies. Moreover, the influence of specific 
isoenzymes is studied using liver microsomes in the presence of specific inhibitors. There 
are interindividual variations in the activity of human liver microsomes; therefore they can 
be utilized also to study interindividual variability. In case of general estimation of drug 
metabolism, pooled microsomes from a large bank of individual liver tissues can be used to 
overcome the influence of interindividual variability. Microsomes from other human organs 
(intestine, kidney, lung) [19] are also available and are utilized to evaluate extrahepatic 
metabolism. Additionally, gender-specific microsomes are available for the estimation of 
gender-based discrepancies in drug biotransformation. In drug discovery process HLM are 
used for metabolite identification, evaluation of interspecies differences in drug metabolism, 
prediction of in vivo clearance, reaction phenotyping and metabolic pathway identification 
[14-18, 20]. 


NADPH or NRS is required in the incubation for the estimation of CYP activity. In order to 
evaluate the UGT activity UDPGA and alamethicin (pore-forming reagent) are required [14- 
16]. 


The advantages of HLM are ease of use, low costs, best-characterized in vitro model for 
estimation of drug biotransformation, easy storage, appropriate for studying of 
interindividual and population-based variation, long term storage, provide qualitative 
estimations of in vitro drug metabolism, convenient tool for high throughput screening of 
compounds, appropriate for lead compound optimization studies and drug interaction 
studies. However, some disadvantages of HLM also exist. HLM are not appropriate for 
quantitative estimation of drug biotransformation because of absence of enzymes like 
NAT, GST and SULT and cofactors needed. This limits the expected metabolic 
competition and formation of some in vivo present metabolites. Another drawback is a 
very difficult assessment of the fraction of drug bound to plasma proteins versus to 
microsomes which is an important factor in the estimation of in vivo biotransformation 
[14-16, 18]. 
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4.3. Cytosolic fraction 


Cytosolic fraction is an in vitro model that has not been used very often so far. Like HLM, 
cytosol is produced by differential centrifugation of liver homogenate. Soluble enzymes of 
phase II such as NAT, GST, SULT, carboxylesterase, soluble epoxide hydrolase, diamine 
oxidase, xanthine oxidase and alcohol dehydrogenase are expressed in cytosolic fraction, 
but only first three are expressed at higher concentration. This in vitro model requires 
cofactors like acetyl coA, dithiothreitol and acetyl coA-regenerating system for NAT, PAPS 
for SULT, glutathione for GST activity [14-16, 18]. 


The main advantage is the presence of only aforementioned enzymes at higher 
concentrations than in liver S9 fraction. The biotransformation by NAT, GST or SULT can be 
studied separately or in combination depending on the cofactors added. The main 
disadvantage is the absence of UGT and therefore glucuronidation cannot be studied by this 
model [14-16, 18]. 


4.4. S9 fractions 


S9 fraction contains both microsomal and cytosolic fractions and consequently expresses a 
wide range of metabolic enzymes — CYP, FMO, carboxylesterases, epoxide hydrolases, UGT, 
SULT, methyl transferases, acethyltransferases, GST and others. This in vitro model could be 
employed for metabolic, toxicity and mutagenicity studies. Similar to upper mentioned in 
vitro models the addition of cofactors is needed; NADPH or NRS for CYP, UDPGA for UGT, 
acetyl coA, dithiothreitol and acetyl coA-regenerating system for NAT, PAPS for SULT and 
glutathione for GST [14-16, 18, 20]. 


The main advantage over microsomes and cytosolic fraction is a more complete 
representation of the metabolic profile due to the presence of phase I and phase II enzymes. 
However, a disadvantage is the overall lower enzyme activity in the S9 fraction compared to 
microsomes and cytosol, which may leave some metabolites unnoticed [14-16, 18]. 


4.5. Cell lines 


This in vitro model is less popular than other described models due to dedifferentiated 
cellular characteristics and lack of complete expression of all families of metabolic enzymes. 
The sources of cell lines are primary tumors of liver parenchyma. Currently available cell 
lines are Hep G2, Hep 3B, SNU-398, SNU-449, SNU-182, SNU-475, BC2, PLC/PRE/5, C3A, 
SK-Hep-1 and among them Hep G2 cell line is most frequently used for biotransformation 
studies. The metabolic activity of liver cell lines is generally low compared to freshly 
isolated human hepatocytes. Metabolic activity of some metabolic enzymes is even not 
detected. The problem of low activity could be partly overcome by the pretreatment of cell 
lines by inducers of various metabolic enzymes. But still the induced activity is below the 
enzymatic activity in freshly isolated human hepatocytes. Liver cell lines require 
appropriate culture medium, whose composition significantly influences the metabolic 
activity. The described in vitro model is easy to culture and have stable enzyme 
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concentration. On the other hand, the absence or low expression of most important phase I 
and phase II drug metabolizing enzymes limits the application of this in vitro model. 
Moreover, metabolites are not easily detected and it is difficult to investigate individual 
enzymes due to their low expression level [14-16]. 


4.6. Transgenic cell lines 


Transgenic cell line is a cell line that recombinantly expresses human phase I and/or phase II 
enzymes. All important human CYPs and UGTs have been expressed in this way to 
overcome the limitations of liver cell lines. Cell lines may be transfected at high efficiency 
using protoplast fusion. The main advantages are the ease of culturing, high expression of 
CYP and UGT isoenzymes, possibility to study single enzyme reactions and the influence of 
one isoenzyme or a combination of a number of isoenzymes. This in vitro model can also be 
used in the study of metabolite structures, pharmacological elucidation and to assess drug- 
drug interactions. The main drawback is that only one or a few of isoenzymes are expressed, 
therefore the complete in vivo situation cannot be reflected. Moreover, transgenic cell lines 
are more expensive than other enzyme-based technologies [14-16, 18]. 


4.7. Hepatocytes 


Hepatocytes are well-established, well-characterized and frequently used in vitro model in 
drug biotransformation research. This in vitro model could be employed for the evaluation 
of metabolic stability, metabolite profiling and identification, drug efficacy, hepatic 
proliferation, hepatotoxicity and drug-drug interactions. Phase I and phase II drug 
metabolism pathways can be studied by the use of primary hepatocytes and cultured 
hepatocytes. Like with microsomes interindividual variation can be observed with 
hepatocytes. This can be overcome by using mixture of hepatocytes from different donors. 
Cryopreservation of hepatocytes offers many advances in the experimentation, namely 
activity of most phase I and phase II enzymes is retained. 


Primary hepatocytes are obtained by collagenase perfusion of whole liver or a part of liver. 
This in vitro system has strong resemblance of in vivo situation due to heterogeneity of 
enzyme expression in human liver and preservation of drug metabolizing enzymes at in vivo 
levels. Another advantage of primary hepatocytes is the ease of use and high throughput. 
The important disadvantage is the drop of hepatocytes viability during incubation period 
(viable 2-4 hrs). Moreover, lack of liver non-hepatocyte cells which may be necessary for 
cofactor supply, lack of cell polarity, cell-cell and cell-matrix contacts limits the in vivo 
resemblance [14-18, 20]. 


After isolation, hepatocytes can be cultured in a monolayer in order to prolong the viability 
to 4 weeks. This characteristic in combination with the prolonged regulatory pathways 
allows the use of this in vitro model in studies of up-regulation or down-regulation of 
metabolic enzymes. However, cultured hepatocytes gradually lose viability and liver 
specific function. Many factors influence the morphology and functions of hepatocytes in 
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culture: medium formulation, extracellular matrix, initial cell suspension and density, drug 
concentrations. Hepatocytes could also be cultured in a sandwich configuration where 
hepatocytes are placed between two layers of gelled extracellular matrix. This type of 
culture retains liver hepatocyte specific functions for a longer period [18, 20]. 


4.8. Liver slices 


Liver slices and hepatocytes are the most physiologically relevant in vitro techniques used 
for quantitative and qualitative measurement of hepatic phase I and phase II metabolism of 
drugs due to full complement of enzymes and cofactors. High-precision tissue slicers (e.g. 
Krumideck slicer, Brenden-Vitron slicer) are used for the production of liver slices of 
uniform thickness (less than 250 um). The advantage of liver slices over hepatocytes lies in 
the intact structure of liver tissue containing hepatic and non-hepatic cells, normal spatial 
arrangement and possibility of morphological studies. The described in vitro model allows 
higher throughput compared to isolated perfused liver. Another advantage is the non- 
requirement for digestive enzymes and consequently the preservation of intact tissue 
structure. Moreover, no addition of cofactors is needed for enzyme activity. However, some 
disadvantages of this model are known: decrease of CYP activity in short time due to 
impaired diffusion of nutrients and oxygen in the liver slice, damaged cells on the outer 
sides of the slice, inadequate tissue penetration of the test medium, short viability period (5 
days), lack of optimal cryopreservation procedures and a need for expensive equipment [14- 
16, 18, 20]. 


4.9. Isolated perfused liver 


Isolated perfused liver gives an excellent representation of the in vivo situation but it is not 
used frequently due to practical inconveniences. Normally animal liver tissue on a small 
scale is used, but never human liver tissue. The additional advantages of this in vitro model 
are also three-dimensional architecture, presence of hepatic and non-hepatic cell types, 
possibility to collect bile. The important disadvantages of this model are: poor 
reproducibility, functional integrity limited to 3 hours, difficult handling, poor perfusion of 
cells by nutrients and oxygen, low throughput and no availability of human liver. This 
model is useful only in case when bile secretion is the subject of research [14-16]. 


4.10. Animal and human in vivo studies 


The identity of metabolites present in any matrix of animal or human provides essential 
information about the biotransformation pathways involved in the clearance of a drug. 
When the metabolite profiling of a parent drug is similar qualitatively and quantitatively 
between animal and human, we can assume that potential clinical risks of parent drug and 
metabolite have been adequately investigated during nonclinical studies. When a difference 
arises between in vitro and in vivo findings, the in vivo results should always take precedence 
over in vitro studies [21]. The FDA guidance encourages the identification of differences in 
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drug metabolism between animals and humans as early as possible during the drug 
development process in order to find unique human metabolites and major metabolites [1, 
21]. FDA defines that metabolites will need to undergo additional safety evaluation when 
steady-state systemic exposure to metabolite in humans exceeds 10% of parent drug 
exposure (disproportionate metabolite) [1]. 


The results of aforementioned in vitro studies can be correlated to in vivo situation and vice 
versa. This multidisciplinary approach of translational medicine yields an insight into 
complex mechanisms of drug disposition. The principle of translational medicine is 
presented on raloxifene, a selective estrogen receptor modulator, which exhibits quite large 
and unexplained interindividual variability in pharmacokinetics and pharmacodynamics [2, 
3, 19, 22]. The gained knowledge about drug pharmacokinetics and pharmacodynamics 
insures a safer and more effective treatment strategy in the clinical setting. 


5. Qualitative evaluation of metabolites 


The known identity of metabolites is the prerequisite for a suitable metabolic assessment of 
drugs. Liquid chromatography coupled with mass spectrometry has become the most 
powerful analytical tool for screening and identification of drug metabolites in biological 
matrices. A short overview of analytical strategies for identification of metabolites will be 
provided. More information regarding metabolite identification can be found in following 
review articles [7, 23-27]. The selection of suitable LC-MS instrumentation is needed for 
qualitative evaluation of metabolites. Moreover, this issue is also important for quantitative 
evaluation of metabolites as discussed in section 8. Additionally, some examples for 
metabolite identification using LC-MS/MS will be provided in this section. 


5.1. LC-MS instrumentation 
5.1.1. Ionization techniques 


A LC-MS ion source has the double role of eliminating the solvent from the LC eluent and 
producing gas-phase ions from the analyte. The application of atmospheric pressure 
ionization (API) methods has provided a breakthrough for the LC-MS systems and has 
brought it to the forefront of analytical techniques. Some ion sources such as API operate at 
atmospheric pressure where others like electron impact (EI) or chemical ionization (CI) 
operate in vacuum. While soft API interfaces, in particular electrospray, produce molecular 
ions with minimal fragmentation, high energy sources like EI mostly generate fragment 
ions. API techniques are most widely used for metabolite detection, identification and 
quantification [7, 28] due to the ability to operate at atmospheric pressure, good 
compatibility with reversed phase chromatography and generation of intact molecule ions 
at very high sensitivity. All three API techniques: electrospay ionization (ESI), atmospheric 
pressure chemical ionization (APCI) and atmospheric pressure photoionization (APPI) are 
complementary. 
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e Electrospay ionization is by far the preferred method for metabolite identification 
and quantification. It is the most universal technique for introducing the molecules 
into the gas phase and it is most gentle and therefore likely to yield an intact 
molecular ions. ESI is ideally suited for polar, ionic and thermally labile compounds 
such as drug metabolites; in particular glucuronides and others phase II metabolites. 
This technique requires ionization of analytes within solution prior to introduction 
into ion source and thus works best for fairy basic or acidic compounds. Depending 
on the voltage polarity, nebulised droplets trapping the ionized analyte will be 
positively or negatively charged. The reduction in size caused by solvent evaporation 
accounts for the increase in charge density in the droplet leading to its explosion 
when repulsive forces between charges exceed the cohesive forces of the droplet. This 
process occurs repeatedly until gas phase ions are produced [29]. Ions in solution are 
emitted into gas phase without application of heat making ESI suitable for analysis of 
thermo labile compounds. Many parameters, such as analyte and _ solution 
characteristics: pKa, analyte concentration, other electrolytes in solution, dielectric 
constant of the solvent, affect the ion formation process [7]. The effects of several 
mobile phase additives on the ionization efficiency have been reviewed [30] and will 
be discussed later (section 8). Depending on the chemical structure of an analyte, 
multiple-charged molecular ions can be formed, which is optimal for the analysis of 
biological macromolecules (e.g. proteins). Despite the numerous benefits of ESI, it 
suffers from a shortcoming in that it is susceptible to ion suppression effects from 
high concentrations of buffer, salts and other endogenous compounds in matrix 
solutions [23]. 

e Atmospheric pressure chemical ionization is more suited for less polar compounds. 
Certain classes of compound such as heavily halogenated analoges and highly 
aromatic compounds will run readily on APCI while giving no or a weak response 
on ESI [7]. APCI like ESI produces ions based on the API strategy, but thought a 
completely different process. Here, the liquid eluent is sprayed into heated chamber 
[450-550°C) where the high temperature of a nebulizer gas flow causes the 
immediate evaporation of the solvent and the analyte. In addition to volatility at the 
applied temperature, thermal stability of the analyte is also a prerequisite for the 
successful application of APCI (e.g. glucuronides may break down and appear in the 
form of protonated aglycone [31]. Ionization of analytes takes place in gas phase 
where due to high flux of electrons from corona discharge needle, solvent molecules 
initially react with electrons and form ions that produce protonated solvent ions 
through secondary reactions. These protonated solvent ions then transfer a proton to 
form protonated analytes. For efficient ionization, the employed mobile phase 
should be volatile and also amenable to gas phase acid-base reactions. APCI 
technique is less prone to ion suppression and provides a wider dynamic detection 
range than ESI due to ionization that occurs mainly in gas phase. Also, typically 
higher flow rate is used with APCI [1-2 mL/min) then that in conventional ESI (0.1- 
0.5 mL/min) [23]. 
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Atmospheric pressure photoionization is relatively new ionization method. This 
technique can be used for ionization of analytes that are not easily ionizable by ESI and 
APCI. APPI has similar application range as APCI but slightly extended toward 
nonpolar compounds [32]. The APPI ion source is very similar to APCI source, except 
the APCI corona discharge needle is replaced by photoionzation lamp. Depending on 
the analyte proton affinity relative to the composition of the mobile phase, either a 
radical molecular ion (typically for nonpolar compounds) or a protonated molecular ion 
(typically for polar compound) is obtained. APPI has a potencial in the analysis of drug 
metabolites but more research is needed to fully understand the important parameters 
and factors that affect the ionization efficiency [33]. 


5.1.2. Mass analyzers 


The function of mass analyzer is the separation of ions formed in ionization source 
according to their different mass-to-charge (m/z) ratios. The quality of mass separation is 
characterized by the degree to which close m/z values can be separated in the mass 


analyzer. Mass analyzers are classified regarding resolution into low and high resolution 


instruments. The later ones are associated with another important parameter, mass 


accuracy, which allows determination of elemental formula of particular analyte. The 
selection of suitable analyzer is driven by the purpose of the analysis and the instrument 
performance but also depends on the instrument availability and cost effectiveness. 


Triple quadrupole instruments (QQQ) are the most common mass spectrometers in 
analytical laboratories, having most often been acquired for their evident strengths in 
high sensitivity quantitative analysis of known analytes. These instruments have been 
often applied also for metabolite identification due to wide availability and excellent 
tandem mass (MS/MS) properties. In QQQ, the first quadrupole filters ions of interest, 
the second quadrupole also called collision cell fragments these ions and further the 
fragment ions are filtered by third quadrupole before reaching the mass detector. Such 
QQO configuration allows performing different scans such as full scan, product ion 
scan, precursor ion scan (PI), constant neutral loss scan (CNL), single ion monitoring 
(SIM) and selected reaction monitoring (SRM) or multiple reaction monitoring (MRM). 
PI and CNL are particularly useful in metabolite identification since both scanning 
modes do not require previous knowledge about the molecular weight of metabolites. 
High sensitivity for quantitative purposes is retained only when working in MRM 
mode, however, the detection sensitivity decreases dramatically when wide mass range 
is analyzed in a scanning mode. This is one of the major disadvantages of using QQQ 
for the screening of drug metabolites. 

Ion trap instruments (IT) are like QQQ relatively inexpensive and compatible with 
wide range of ionization interfaces. These analyzers utilize ion trap chamber where ions 
are trapped and then selectively ejected from the chamber. Additionally, the resonance 
excitation applied in the trap provides efficient dissociation of the precursor ions to 
product ions. IT provides more sensitivity for structural elucidation than QQQ due to 
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its better sensitivity in full scan mode and efficient dissociation of the precursor ions 
which allows multiple stages mass spectrometry (MS"). Recently, to address classical 
ion traps (called also 3D IT) shortcomings of insufficient ion storage efficiency, capacity 
and deterioration of the mass spectrum and dynamic response range, linear IT has been 
developed [25]. The detection sensitivity in linear IT is at least two orders of magnitude 
higher than that in 3D IT. Because of these advantages, linear IT will probably in near 
future totally replace old 3D IT [23]. 

e Triple quadrupole-linear ion traps (QTrap) combine sensitive QQQ technology with 
high capacity of linear IT incorporating high trapping efficiencies. In this instrument, 
the last quadrupole of QQQ is replaced with a linear ion trap, which operates as a mass 
resolving quadrupole or a linear ion trap. This provides clearly increased metabolite 
screening capabilities compared to traditional IT or QQQ. QTrap enables high 
sensitivity, wide range mass scanning and MS* together with QQQ capabilities, such as 
PI, CNL and very high sensitive MRM data acquisition. 

e Time of flight (TOF) analyzers are the most suitable high resolution mass 
spectrometers for fast and cost-efficient metabolite identification. TOF are relatively 
simple and capable of recording all formed ions on a microsecond time scale offering 
high sensitivity detection. Ions are accelerated from the ion interface to a fixed kinetic 
energy and then pass through a field-free tube to the detector. The time needed for ion 
to reach the detector is proportional to its m/z ratio. TOF strength lies in its very high 
detection sensitivity when acquiring wide range data, enabling the simultaneous 
detection of data for all metabolites of interest in one run. High mass resolution and 
mass accuracy (< 3-5ppm) enable reliable and accurate identification of metabolites by 
determination of elemental formula of a metabolite. Additionally, the very high 
acquisition speed makes them ideal for fast chromatography [24]. 

e Triple quadrupole-time of flight (Q-TOF) instruments combine first mass filter and 
collision cell of QQQ with TOF as the second mass analyzer. These instruments can 
operate as true tandem MS while providing accurate mass of the product ions. Most 
modern Q-TOFs have good linear response and are therefore also suitable for 
quantitative purposes. However, TOF instruments have not the ability to perform 
positive/negative switching in one run [24]. 

e  Orbitrap is another high resolution analyzer which is a hybrid composed of a linear IT 
and Fourier transform mass spectrometer. It is an effective alternative to the TOF 
instruments used for metabolite profiling. Orbitrap is capable of high sensitivity 
screening over wide mass range, MS" and tandem mass spectrometry with accurate 
mass data for both parent and fragment ion. However, it is not suitable for fast 
chromatography because it suffers from a slow data acquisition [24]. 

e Fourier transform-ion cyclotron resonance (FT-ICR) is the third high resolution mass 
analyzer. The high sensitivity, accurate mass measurements, high mass resolution and 
MS/MS capabilities of FT-ICR make it attractive for structural determination of ions. 
However, the combined requirement of ultra-high vacuum system, superconducting 
magnets as well as sophisticated data system place the cost of these instruments beyond 
the means of most laboratories involved in drug metabolism studies [7]. 
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5.2. Strategies for metabolite identification 


MS methodology is the most suitable approach for metabolite identification as commonly 
low concentrations of drug metabolites are present in complex biological matrices. 
Appropriate LC-MS instrumentation is clearly critical to both, detection and structural 
elucidation, although alternative non-MS approaches may also be important in cases when 
MS data alone are not sufficient. Tandem mass spectrometry instruments are beside their 
key role for metabolite quantification also well suited for qualitative purposes. Tandem 
mass spectrometry experiments, which allow different scan mode possibilities, are by far 
most informational techniques for structural characterization of metabolites [23]. But these 
experiments require a set of injections to perform full scan and other scan analyses to 
identify metabolites of interest. The drive to more versatile and powerful instruments which 
can perform intelligent data dependent experiments has led to newer mass analyzers, such 
as high resolution Q-TOF instruments, which now dominate the metabolite identification 
field. 


5.2.1. Full scan 


The non-selective nature of full mass scan acquisition enables detection of practically all 
ionizable metabolites and giving most complete information in terms of metabolite 
molecular mass. However, two major disadvantages arise by this approach. Firstly, 
detection sensitivity using QQQ decreases dramatically when wide mass range is scanned. 
This obstacle can be overcome by using IT analyzers as its full scan is much more sensitive 
or even better by using TOF instruments which additionally enable accurate mass 
determination [23]. In case when only QQQ is available, a practical approach may be 
applied to improve sensitivity; the whole mass range should be divided to narrow scanning 
ranges by performing multiple analyses of the same sample. Secondly, other non-metabolite 
matrix compound may interfere with obtained MS data. A common procedure for 
metabolite detection involves analysis of test and control samples what then allows 
subtraction of control sample data. This approach is less successful when complex biological 
samples, such as plasma and urine, are examined. Expected metabolites in studied samples 
may be predicted based on biotransformation pathways of parent drugs what enables 
focused search of these compounds. The most common changes in mass caused by 
biotransformation are shown in Table 1. 


5.2.2. Precursor ion and constant neutral loss scan 


PI and CNL are more specific approaches for identification of unknown metabolites. This 
scan mode is only possible for tandem mass spectrometers and therefore suffers at 
sensitivity like other QQQ scanning acquisitions. In PI scan mode, the second quadrupole 
mass filter is set to pass only the selected product ions, while the first quadrupole mass filter 
scans a range of m/z values. In CNL scan mode, both quadrupoles are scanning m/z values 
while the m/z difference between the quadrupoles is kept constant. Several phase II 
metabolites at fragmentation lose a distinct neutral group that can be used for specific 
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identification of these conjugates. Glucuronides, sulfates and glutathione conjugates are 
often detected by CNL of m/z 176, 80 and 129, respectively. Typical PI for some drug 
conjugates in negative ionization mode like aliphatic sulfates, sulfonates and phosphates are 
m/z 97, 81 and 79, respectively [28]. Although PI and CNL provide high selectivity for 
identification of metabolites, the methods are based on predicted fragmentation behavior of 
metabolites what depends to some extent also on abilities of the analyst. Therefore, 
metabolites with unexpected fragmentation can be missed. Nevertheless, in combination 
with full scan data, PI and CNL is a powerful tool for metabolite identification. 


Biotransformation Change in molecular formula Change in mass (Da) 
Dehydration - H20 -18 
Demethylation - CH2 -14 
Dehydrogenation - Ha -2 
Hydrogenation + H2 +2 
Methylation + CH2 +14 
Hydroxylation +O +16 
Epoxidation +O +16 
S/N-oxidation +O +16 
Hydration + H20 +18 
Dihydroxylation + Oz +32 
Acetylation +C2H2O +42 
Sulfation +SO3 +80 
Glucuronidation +CoHs0c +176 
Glutathione conjugation +Ci0HsO6Ns3S +305 


Table 1. The nominal mass changes in biotransformation of drugs by common metabolic reactions [28, 34] 


5.2.3. Product ion scan 


Product ion scan is used for structural characterization of the detected metabolites. In product 
ion mode, a precursor ion (metabolite) is selected in first quadrupole, fragmented in collision 
cell and the product ions are then scanned in second quadrupole. Structural information is 
obtained by interpretation of the fragmentation patterns for both metabolite and parent drug. 
Complete structural characterization of metabolites may be hindered by the absence of useful 
product ions in tandem mass spectrometry. To obtain more specific structural data, the use of 
multistage (MS") scan by using ion trap instruments can be provided. The selected product ion 
can be selectively isolated and further fragmented, narrowing the potential sites of 
modification and providing a more complete assessment of the metabolite structure. 
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5.2.4. Multiple reaction monitoring 


Although the use of PI and CNL data acquisition improves the selectivity of metabolite 
detection when comparing with full scan acquisition, all three approaches have reduced 
sensitivity. For this reason, specific MRM screening may serve as alternative approach for 
metabolite detection. MRM is the most appropriate acquisition method for quantification of 
analytes. In this mode, the first quadrupole is set to pass only the selected precursor ion that 
is fragmented in collision cell and usually the most abundant fragment (product ion) is then 
filtered in a second quadrupole. Monitoring of specific transition for each analyte yields a 
superior signal-to-noise ratio with significantly higher selectivity. Utilizing metabolism 
prediction and knowledge of the tandem mass fragmentation of the parent drug, the 
approach gives a significant increase in sensitivity and enables a wide range of potential 
MRM transitions to be targeted. Although the possibility to overlook metabolites remains 
the targeting MRM is a powerful alternative for metabolite detection when sensitivity is an 
issue. Single ion monitoring is is another option to overcome low sensitivity of QQQ 
screening techniques. SIM is less specific and sensitive acquisition compared to MRM but 
may provide advantages when the potential metabolite fragmentation pattern cannot be 
predicted correctly. In this case a multiple SIM transitions of the predicted metabolites are 
performed, which are set accordingly to the expected nominal mass changes regarding to 
parent drug (Table 1). 


5.2.5. High resolution mass spectrometry 


The most widespread analyzer providing high mass accuracy (TOF, Orbitrap, FT-ICR) used 
in metabolite identification is TOF instrument. The specificity in the detection of metabolites 
with high resolution is significantly higher than that with unit resolution QQQ or IT 
instruments where the ion chromatograms can be recorded using a 0.1 mass unit window. 
The high selectivity provides also better sensitivity for the detection of metabolites. It was 
reported that detection limits for several drugs were 5-25 times better with accurate mass 
TOF, than with nominal mass TOF (same unit level than at QQQ) [28]. Accurate mass 
measurements enable to determine the elemental formula of metabolites. Moreover, exact 
mass shift enables the establishment of the change in molecular formula of the parent drug. 
For example, metabolites formed by hydroxylation and dehydrogenation (at same time) are, 
in this way separated from those formed via methylation, in spite that both reaction increase 
the molecular weight by 14 (Table 1) [24]. The benefit of reliable accurate mass 
measurements for structural elucidation of unknown metabolites is therefore extremely 
high. However, metabolites with the same exact mass cannot be distinguished by analyzers. 
In this case other approaches are needed. Ion mobility time-of-flight mass spectrometry (IM- 
MS), which separates ions on the basis of their m/z ratios as well as their interactions with a 
buffer gas, is very convenient. The main advantage of IM-MS is the potential for separation 
of metabolite isomers without chromatographic separation which makes it a powerful 
analytical tool for investigation of complex samples [35]. 
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Q-TOFs are the key high resolution instruments for drug metabolism research. Q-TOF 
instruments provide sufficient mass resolution (up to 40,000) and accurate mass 
measurements (below 1 ppm). In addition, they can operate at relatively high scanning 
rates, which are considered as the main drawback of most of the Orbitrap based 
instruments. On the other hand, Orbitrap analyzers provide a resolving power of up to 
100,000 with mass accuracy below 1 ppm. FT-ICR analyzers provide ultrahigh mass 
resolving power greater than 200,000 but high purchasing and maintenance cost are beyond 
financial capabilities of most routine laboratories [27]. 


5.2.6. Other approaches 


Other approaches can be applied to provide specific structural information in cases when 
MS data are not sufficient to determine metabolite structure. Hydrogen/deuterium exchange 
LC-MS allows studying mechanisms of MS fragment ion formation and metabolic pathways 
of drugs, as well as differentiate the structures of isomeric metabolites [7]. Metabolites can 
be isolated and purified from the incubations, followed by structural analysis by NMR. 
Alternatively, LC-NMR analysis can be performed on biological samples with minimal 
sample processing but certain limitations occur with this technique, such as lower sensitivity 
compared with LC-MS and the requirements of relatively expensive deuterated buffers in 
mobile phase. More recently, LC-NMR has been coupled with MS which enables 
simultaneous metabolite structure elucidation [25]. Tentatively identified structure of 
metabolites may also be synthesized and LC-MS data for these compounds are compared 
with data from the actual metabolites. 


5.3. Examples of metabolite identification 


Tandem mass spectrometry is well suited for identification of phase II metabolites [36]. As 
example for this approach, the elucidation of three raloxifene glucuronides in urine as well as 
their identity confirmation after bioproduction by using QQQ is provided [37]. 
Chromatograms of each bioproduced glucuronide standard obtained in ESI positive full scan 
mode gave only one chromatographic peak where MS spectra of each peak showed strong 
molecular ions at m/z 650, 650 and 826 for two raloxifene monoglucuronides and 
diglucuronide, respectively. Nominal mass shift of 176, 176 and 2 x 176 Da compared to parent 
drug (m/z 474) is characteristic for the structure of monoglucuronide and diglucuronide 
metabolites (Table 1). Product ion scan showed the same mass spectra for both predicted 
monoglucuronides: fragmentation of the parent ion m/z 650 to 474 and 112. Product ion spectra 
confirmed also diglucuronide structure by two subsequent m/z 176 neutral losses from the 
parent molecular ion (m/z 826), giving fragments of monoglucuronide (m/z 650) and of parent 
raloxifene (m/z 474) as well as additional m/z 112 fragment of raloxifene (N-ethyl-piperidine). 
Additionally, constant neutral loss scan (m/z 176) and precursor ion scans (m/z 112 and 474) in 
urine sample have been performed. The analysis in all three cases gave three distinct peaks in 
chromatograms at retention times for the diglucuronide, and both monoglucuronides (data not 
shown, but same retention times as in Figure 1) confirming again the structure of metabolites. 
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Another important point had to be considered, good chromatography was needed in order to 
separate both monoglucuronides since they cannot be distinguished based on MS. 
Representative LC-MS/MS chromatogram, using MRM acquisitions for quantitative purposes 
of raloxifene and its three metabolites in urine sample is shown in Figure 1. 


Identification of bisphenol A glucuronide and deuterated bisphenol A glucuronide in 
microsomal incubations [4] is another example. Twin peaks of metabolites with known mass 
difference [14] (Da in this case) are helpful for studying fragmentation paths. Product ion 
scan in ESI negative ionization mode for bisphenol A glucuronide (m/z 403) showed 
fragments m/z 227 (bisphenol A), 212 (bisphenol A fragment - loss of CH3) and 113. The 
molecular ion of deuterated bisphenol A glucuronide fragments from m/z 417 to m/z 241 
(deuterated bisphenol A), 223 (fragment - additional loss of CDs) and 113. Fragment m/z 
113, which is present in both cases represent a glucuronic acid fragment in negative 
ionization with subsequent loss of H2O and CO. 


In case of reactive metabolite studies there are typical approaches to identify glutathione 
conjugates: increased mass shift 305 Da according to the parent, constant neutral loss of 
pyroglutamic acid (m/z 129) in the positive ionization mode and/or precursor ion of m/z 272 
in the negative ionization mode [34, 38]. Recently, an in vitro bioactivation study using these 
identification approaches has confirmed that bazedoxifene does not show the formation of 
glutathione conjugates compared to raloxifene what offers an improved safety profile of this 
third generation drug relative to other available SERMs [39]. 


The glucuronide metabolites may be also simply verified by using &-glucuronidase which 
provides the conversion of the glucuronide to its aglycone (see next section). If the 
conversion is complete, this approach is valid for determination of the metabolite stock 
solution concentrations when small amounts of glucuronide standards are obtained or 
available [37]. 


However, for more demanding application QQQ is usually not satisfactory. Identification of 
phase I and phase IT metabolites of two antineoplastic agents was demonstrated by use of Q- 
TOF [40]. In this study, 32 metabolites for dimefluron and 28 metabolites for benfluron were 
detected in the rat urine within 25 min chromatographic run. The identification of 
individual biotransformation was performed using high mass accuracy measurements for 
both full scan and tandem mass spectra by extracted ion chromatograms for expected 
masses of metabolites together with the information about characteristic neutral loss. 
Another study compared QQQ, linear IT (QTrap), TOF and Orbitrap instruments for 
identification of microsomal metabolites of verapamil and amitriptyline [41]. Only TOF 
found all 28 amitriptyline and 69 verapamil metabolites; both expected and unexpected. The 
TOF offered sensitivity and high mass resolution and also lowest overall time consumption 
together with the Orbitrap. Orbitrap also showed good mass resolution but was less 
sensitive, resulting in some metabolites not being observed. Approaches with QQQ and Q- 
Trap provided the highest amount of fragment ion data for structural elucidation, but being 
unable to produce very high important accurate mass data, they suffered from many false 
negatives and especially with the QQQ from very high overall time consumption. 
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6. Approaches for metabolite quantification 


The demand for analyses of low-level drugs in complex biological samples has increased 
significantly in last years. New pharmaceuticals have typically high potency, so small 
doses are given and therefore the detection limits of these drugs and their metabolites are 
of great importance. Selective and sensitive analytical methods for the quantitative 
evaluation of these analytes are critical for the successful conduction of pharmacological 
studies. Metabolite quantification is always required when the metabolite is toxic or 
pharmacologically active or when the concentration of metabolite reaches or exceeds the 
parent drug concentration in plasma. Different approaches for metabolite determination 
in biological samples have been used which can be generally divided to direct 
quantification, indirect quantification through parent drug after metabolite hydrolysis or 
quantification supported by using response factors between drug and their metabolites. 
The key role in the selection of the particular approach is driven by the availability of 
suitable authentic standards. Hence some examples of metabolites production will be also 
shown here. 


6.1. Direct quantification 


Direct quantification is the most appropriate approach for metabolite determination in 
biological matrices but two major points need to be considered. Firstly, in general 
metabolites are much more hydrophilic than parent drug, especially glucuronides [34]. 
That fact has represented a hindrance for direct metabolite determination because 
chromatographic separation between these polar analytes and interfering matrix 
components could not be achieved in many cases. However, this problem has been 
overcome by advent of powerful liquid chromatography-tandem mass spectrometry 
instruments which allow direct quantification of these metabolites [42]. LC-MS/MS 
nowadays play predominant role in bioassays for pharmacokinetic and metabolism 
studies due to its inherent specificity, sensitivity and speed. Secondly, appropriate 
authentic standards are needed for reliable and accurate quantification in biological 
samples. Proper validation of analytical methods includes preparation of calibration and 
control samples in given biological matrices using suitable reference standards. Authentic 
metabolite standards are often not commercially available, particularly in the case of new 
drugs or drugs of abuse. Moreover, available metabolites may be very expensive and 
therefore not accessible for every research group, especially not in academic sphere. 
Furthermore, stable isotope labeled standards of metabolites, which are most convenient 
internal standards for LC-MS/MS analyses, are even less available and/or more expensive 
than unlabeled metabolites. 


In such situation question may arise why not quantitate metabolites concentration based on 
parent drug calibration curve as this standard are freely accessible. Modified structure of 
metabolites may change the response to quite diverse extent among various liquid 
chromatography detection systems. Mass spectrometry using atmospheric pressure 
ionization sources is very prone to this issue as the intensity of the MS signal strongly 
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depends on the analyte even at small structural changes. It has been reported that the 
response in ESI-MS differed by factor 25 for two oxidative isomeric metabolites with same 
chemical formula [43] or that no signal in contrary to parent drug has been observed for 
metabolite in positive ionization ESI. Detection of metabolite was in this case possible only 
in negative ionization mode [26]. However, with the commonly and easily used UV 
detection, the metabolites have often the same chromophore as the parent drug (but not 
always [40], hence giving similar response. But the main limitation of this technique in 
pharmacokinetic studies lies in not sufficient sensitivity and also in lower selectivity as some 
compounds does not have UV absorption at a wavelength to distinct it from the 
background. In contrast to UV, fluorescence and electrochemical detection can be very 
selective and sensitive. For electrochemical detection the response may also be very 
dependent on structure, especially for phase I metabolites which usually possess changed 
oxido-reductive properties compared to parent drug [34]. Beside that both detector systems 
are very specific what makes them of limited applicability. 


Direct quantification can also be performed without suitable standards. For that purpose 
detectors need to give an equimolar response for all compounds of interest. Additionally, 
such detectors should be highly sensitive with wide dynamic range, robust and easy to use, 
compatible with reverse-phase gradient elution and not prone to matrix interferences, 
namely give a response independent of compound [44]. Although there are sophisticated 
detectors available, few are used routinely for metabolite quantification. Beside radioactivity 
detector (RAD) which also require suitable standards (radiolabeled compounds) other 
compound response independent detectors has been recently discussed elsewhere [25, 44- 
46]. Such approach has become even more important for metabolite evaluation in the light 
of recently introduced FDA guidelines on metabolites in safety testing, which recommends 
that all metabolites greater than 10 percent of parent drug should be examined [1]. Some 
further examples of metabolite quantification using accelerator MS [47], inductively coupled 
plasma MS [43], chemiluminescene nitrogen detector [48], quantitative NMR [49] and 
evaporative light-scattering detector [50] are given. 


6.2. Quantification using response factor 


Prerequisite to make this approach successful is the chromatographic separation of drug 
and all metabolites. Quantification is based on using LC-MS/MS in combination with 
detector that gives an equimolar response independent of the compound, usually with RAD. 
Response ratio of the metabolite to parent drug on RAD is then correlated to response ratio 
on LC-MS/MS. Low amounts of metabolites and parent drug in samples are measured by 
sufficiently sensitive LC-MS/MS, where the analysis of higher amounts allows detection on 
RAD and due to response factor enables calculating of metabolite concentration. The best 
way to perform analyses is to combine RAD with MS after liquid chromatography with 
splitting flow in order to obtain peaks of the metabolites and parent at the same retention 
times on both detectors [51]. RAD is convenient for such analyses because of the large 
dynamic range but its use is limited by the availability of radiolabeled standards. However, 
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the most straightforward detection technique generally found with LC-MS/MS is UV 
detection. Metabolites can be (semi)quantified using UV response ratio in cases when the 
parent drug chromophore offers sufficient selectivity, is not altered by metabolism and the 
metabolites are well separated from other drug related entities and endogenous compounds 
[46]. 


This approach may be also reasonable to quantify metabolites in case of limited amounts of 
authentic standards. After determination of the response factors, metabolites could be then 
quantified based on calibration curve of parent drug [19]. A constant response factor is 
absolutely essential and therefore in such cases response factors should be periodically 
verified. Using the same instrument and without major instrument breakdowns, the 
response factor seems to be very stable over long periods [52]. 


6.3. Indirect quantification 


Refer to evaluation of glucuronides and other phase II metabolites. These metabolites are 
determined by cleavage of conjugates to yield the parent drug, which is subsequently 
detected. This indirect approach has several limitations, including the risk of incomplete 
hydrolysis, moderate repeatability and time consuming sample preparation [42]. Another 
drawback is non-selectivity of this procedure toward study of particular metabolite of 
interest when distinct drug metabolite conjugates are present in sample, like in case of 
morphine which is transformed to two isomeric metabolites. Morphine-3-glucuronide is an 
inactive metabolite but morphine-6-glucuronide possesses even greater pharmacological 
activity than the parent drug [53]. In such cases this approach is not suitable in 
pharmacokinetic studies as the overall drug concentration including more metabolites is 
determined in examined biological fluid. However, in the field of toxicology, doping control 
or drugs of abuse this information may be even more valuable [54, 55]. Nevertheless, direct 
quantification of metabolites and their indirect quantification via parent drug after 
metabolite hydrolysis may give comparable results like in case of buprenorphine 
metabolites [56]. 


Cleavage of conjugates can be performed by fast chemical hydrolysis or by gentle but time 
consuming enzyme hydrolysis. Deconjugation by &-glucuronidase is the predominantly 
used approach. Different types of enzymes are commercially available but the most 
frequently used are {-glucuronidases from E. coli or Helix pomatia, sometimes combined with 
arylsulfatase. -glucuronidase from Helix pomatia provides the advantage of the cleavage of 
glucuronide and sulfatate conjugates at same time what is important in the field of 
toxicology [6]. However, the glucuronidase activity is not as high as at E. coli. In order to 
achieve a successful enzyme hydrolysis it is crucial to pay attention on several factors, such 
as temperature, pH, enzyme origin, enzyme concentration and incubation time [57]. 
However, cleavage with &-glucuronidase is not always preferential as for acyl glucuronides 
(ester conjugates) where alkaline hydrolysis is more suitable [55]. Acid hydrolysis may also 
be sometimes the better possibility for other glucuronide types [58]. N-glucuronides 
(primary, secondary and N-hydroxylated amines) are hydrolyzed under mild acidic 
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conditions but quartenary ammonium glucuronides under basic conditions [25]. 
Additionally, enzymatic hydrolysis of acyl glucuronides may be hindered due to acyl 
migration what leads to &-glucuronidase resistant derivates [59]. Nevertheless, if the - 
glucuronidase treatment is successful for the metabolite of interest, this procedure should be 
the method of choice. 


Another aspect for quantification using this approach has been shown recently [60]. 
Different benzodiazepines were determined via their metabolites by using acid hydrolysis 
of urine samples. The parent drug and all metabolites, conjugated as well as non-conjugated 
(I phase metabolites), were converted to corresponding benzophenone under studied 
conditions. Such approach reduces the specificity but at same time the overall sensitivity of 
the method increases, which makes such method suitable for drug abuse monitoring. 


6.4. Metabolite production 


Alternative approach for direct quantification is to obtain authentic metabolite standards. 
The chemical synthesis is mainly suitable for achieving phase I metabolites, like O- 
demetylation, N-demetylation, N-oxidation, carbonyl reduction and other. However, 
synthesis of the phase II metabolites can be cumbersome and stereochemically demanding 
and hence go beyond possibilities of most laboratories [34]. Versatile alternative to chemical 
synthesis is enzyme-assisted in vitro production of these metabolites using liver 
homogenates, liver microscale cultures, cell culture lines or microbial systems where each of 
these methods has its specific drawbacks [61, 62]. Raloxifene, which is metabolized to two 
distinct monoglucuronides and one diglucuronide, is an illustrative example for in-house 
production of authentic standards. Glucuronide yield by chemical synthesis was very low 
and not sufficient enough to characterize those metabolites. On contrary, the biosynthesis 
with recombinant human UGT enzymes turned out to be successful in converting parent 
drug to both monoglucuronides [63]. In last attempt the bioproduction of all three 
metabolites could be accomplished by using the microorganism Streptomyces sp [37]. For 
more detail about raloxifene in vitro metabolism refer to [19]. Availability of both metabolite 
standards — unlabeled and stable isotope-labeled internal standards is even more important 
for reliable quantification using LC-MS/MS. Stable isotope labeled metabolites can be 
obtained by microsomal incubation of labeled drug, of course if it is available and not too 
expensive [4]. The alternative approach is to use a labeled UDP-glucuronic acid as cofactor 
in bioproduction of metabolites [62]. 


Moreover, metabolites can be isolated from urine after oral administration and after 
purification and characterization they can be used as standards. Bisphenol A glucuronide 
and its deuterated glucuronide were isolated from rat urine [64]. Recently published work 
dealing with microsomal bioproduction of the same metabolites [4] revealed some 
drawbacks of the isolation approach. Beside ethical considerations, the yield of both 
standards was much lower from animal samples (microgram scale) than microsomal 
incubates (milligram scale). Additionally, urine as matrix requires also more extensive 
purification procedure in order to obtain highly pure standards. However, in cases where 
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metabolites cannot be produced by proposed in vitro models the in vivo biological samples 
are then the only media for isolation of those metabolites. 


7. Sample preparation 


Adequate sample preparation is a key aspect of quantitative bioanalysis and it is usually the 
most time consuming part of analyses. Interfering matrix compounds, such as proteins, 
lipids, salts, other endogenous and background compounds, should be removed in sample 
pretreatment, not only to avoid column clogging and instrument soiling, but also to improve 
the sensitivity, selectivity and reliability of analyses. Selection of an appropriate preparation 
procedure depends upon metabolite characteristics, their expected concentrations, the 
sample size and matrix, and the availability of analytical techniques for analyte 
quantification. Insufficiently treated samples may cause interfering peaks when using 
spectroscopic detection techniques such as UV-absorbance or fluorescence. However, 
analyses by LC-MS/MS are less prone to sample matrix and therefore usually require less 
pretentious sample clean up. Commonly and widely applied sample preparation techniques 
include protein precipitation (PP), liquid-liquid extraction (LLE) and solid-phase extraction 
(SPE). Manual operations associated with sample treatment may be very labor intensive and 
time consuming and that could be avoided with automation in 96-well plate format or direct 
sample injection followed by on-line extraction methods. 


7.1. Protein precipitation 


Protein precipitation (PP) is simple and straightforward method widely used in bioanalysis 
of plasma samples. It is accomplished by using organic solvent (typically acetonitrile or 
methanol) or an acid (typically perchloric or trichloroacetic acid). It is followed by 
centrifugation to separate proteins from liquid supernatant and additionally, supernatant is 
sometimes diluted with chromatographically compatible solvent (e.g. mobile phase eluent). 
Supernatant can be directly injected or pre-concentrated after evaporation and 
reconstitution. Although only proteins are removed, other endogenous compounds remain 
which can still cause interferences such as matrix effect in mass spectrometry analyses. PP 
offers a generic and fast sample preparation technique that can be easily automated. The 
method has been also extended to quantification of drugs and metabolites from whole blood 
[65]. The same sample preparation technique in not suitable only for plasma but can be 
transferred to other biological samples such as urine. Moreover, the absence of proteins in 
these matrices allows direct injection without sample pretreatment. Nevertheless, it is 
advisable to dilute and filter or centrifuge the samples to reduce matrix effect and to remove 
eventually present particles [42]. Many examples for metabolite determination using PP, 
mainly in serum and urine, can be found in recently published review articles [66-68]. PP is 
also the most convenient method for less complex biological matrices in pharmacokinetic 
studies, such as hepatocytes [69] or microsomes [4]. In this case protein precipitation by ice- 
cold methanol (triple volume) at the same time terminates the incubation reaction and 
introduces internal standard to the final sample. 
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7.2. Liquid-liquid extraction 


To obtain a sensitive analysis for a complex biological media (plasma, urine) liquid-liquid 
extraction (LLE) or solid phase extraction (SPE) are often required instead of PP. LLE 
sometimes gives better sample clean up showing less matrix effect in comparison with 
SPE [70]. Additionally, LLE is in general simpler and may be applicable to almost all 
laboratories using large variety of available solvents. LLE is also less expensive and 
flexible as several samples may be prepared in parallels. On the other hand emulsion 
formation, mutual solubility of analytes in both phases or large volumes of flammable 
and/or toxic solvents should be considered. In recently published comprehensive 
overview of methods for measurement of antidepressants and their metabolites in 
biofluids, many examples of extraction including LLE conditions can be found [67]. 
Offline methodologies are often very tedious and time consuming, and the risk of sample 
loss and/or contamination is high. Lack of automation possibilities is therefore another 
important LLE drawback. However, several research groups have developed different 
approaches to solve mixing and phase separation problems typically seen in a 96-well 
plate LLE method [71]. A semi automated LLE procedure using 96-well plates was 
reported [72]. 


7.3. Solid-phase extraction 


SPE has become very popular and is nowadays considered as a basic technique in many 
laboratories for sample preparation of drugs and their metabolites from biological 
matrices. SPE offers several advantages over LLE, including higher recoveries, no 
problems with emulsions, less solvent consumption and a smaller sample volume 
requirement. Moreover, automation of sample treatment with high speed and feasibility 
for treatment of numerous samples at one time is possible. However, a drawback often 
associated with SPE is their high dead volume, which can lead to loss of sample and may 
cause dilution of applied samples. SPE column lot production variability or column 
blockage due to sample viscosity or precipitation may also occur. Columns can be 
supplied as individual units for manual use and also in 96-well plate format for use with 
robotic sample processors. The column dead volume has been overcome with a novel 96- 
well SPE plate that was designed to minimize elution volume (< 25uL). The evaporation 
and reconstitution step that is usually required in SPE is avoided due the concentration 
ability of the sorbent [71]. 


SPE is based on chromatographic separation such as liquid chromatography. Wide 
variety of cartridge types and solvents make SPE procedure suitable for many polar or 
nonpolar analytes. The extraction procedure can be a generic protocol or can be 
optimized if better sample clean up is desired. Beside classical reverse phase (e.g. C8 or 
C18) also polymer reverse phase (e.g. divinylbenzene, N-vinylbenzene), polymer ion- 
exchange (e.g. weak or strong anion/cation-exchange) or mixed mode ion-exchange 
sorbents are available. Polymeric reverse phase materials possess both hydrophilic and 
lipophilic properties and are capable of capturing polar analytes such as drug 
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metabolites [66]. Another advantage regarding silica based phase is ease of use, since 
there is no need to keep those phases moistened to maintain interaction. Mix mode ion- 
exchange and ion-exchange sorbents are even more convenient since strongly retained 
ionic metabolites allow rigorous washing of cartridge (e.g. 100% methanol) achieving 
cleaner sample with less matrix interferences [73]. 


There are now commercially available protein precipitation devices in plate format that 
allow PP within the plate whilst also removing phospholipids (HybridSPE™ and Waters 
Ostro™). This novel semi automated sample clean up procedure includes combination of PP 
and SPE. Proteins in sample are firstly precipitated with organic solvent, then transferred to 
SPE and directly injected into the analytical instrument. Method is simple, fast and almost 
free from phospholipids [74]. This sample preparation approach has been successfully 
applied in metabolism studies of various drugs [75]. 


7.4. On-line SPE 


The on-line SPE offers speed, high sensitivity by the pre-concentrating factor, and low 
extraction cost per sample, but typically require the use of program switch valves and 
column re-configurations [71]. Biological samples can be directly injected into liquid 
chromatographic system without any sample preparations except for aliquoting samples, 
adding the internal standard and sometimes sample diluting and/or centrifugation. On-line 
SPE is considered as another dilute and injection approach like protein precipitation, 
however, it provides cleaner extract with reduced chance for matrix effect. Commonly used 
columns for on-line SPE are packed with large particles (typically > 201m) of stationary 
material, such as polymeric and silica based, which work based on reversed phase, ion- 
exchange or mixed mode of separation. The combination of large particle size in these 
narrow bore columns (typically 50x1 mm) and fast flow (typically 3-5 mL/min), called also 
as turbulent flow chromatography, promotes the rapid removal of proteins with 
simultaneous retention of the small-molecular analytes of interest. After flushing all the 
proteins to waste, the direction of the flow is switched; the analytes are back-flushed onto 
the analytical column for chromatographic separation and detection. Fully integrated home- 
built or commercial systems enable eluting analytes from the extraction column onto 
analytical column in narrow bands. That allows multiple injections onto analytical column 
prior to elution into the instrument detector resulting in better sensitivity [76]. Most on-line 
SPE approaches use column-switching to couple with the analytical column as well as 
additional HPLC pump. Various instrument setups and column dimensions can be 
configured for the fast analysis of drugs and their metabolites in biological matrix at the 
ng/mL levels or lower [71]. 


Typically, on-line SPE columns can withstand few hundred injections of diluted plasma or 
urine samples what depends on the injection volume and sample matrix [77]. Beside 
mentioned SPE sorbents for turbulent flow chromatography, restricted access materials 
(RAM), monolithic materials and disposable SPE cartridges are available. The working 
principle of RAM phases is to isolate macromolecules from the target small molecules in 
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biological samples based upon their particle sizes and also due the chromatographic 
interaction. The proteins, that are unable to penetrate into the hydrophobic pores and the 
hydrophilic outer layer of particles, are first eluted to waste, the smaller molecules 
penetrate into pores and are additionally retained through the hydrophobic forces [78]. 
RAM columns may be used either in single column mode, being extraction (SPE) and 
analytical column at same time, or extraction column in combination with second 
analytical column. Single column mode approach shows simplicity but is limited due to 
chromatographic separation power [79]. Monolith phases as extraction sorbents for 
sample treatment looks promising and has been reviewed recently [77]. Monolith columns 
may be very convenient as single column mode for high throughput method in LC- 
MS/MS analysis [80]. 


8. Analytical methods for metabolite quantification 


LC-MS/MS has become the predominant bioanalysis method for pharmacokinetic and 
metabolism studies due to its inherent specificity, sensitivity and speed. A literature 
survey of analytical methods for metabolite determination in biological samples 
undoubtedly confirms that fact. However, HPLC coupled with other detector systems or 
other separation techniques is often used. As an example, analytical methods for 
determination of antidepressants and their metabolites [67] are shown. HPLC coupled to 
different detectors (73%), among them the most popular being mass spectrometry (35%) 
and UV detection (24%), is the most frequently used analytical method. Applications of 
electrophoretic and gas chromatography methods for analysis of antidepressants and 
their metabolites in biofluids have seldom been published in literature (13 and 9%, 
respectively). Since the data were collected in time frame 2000-2010 [67], the frequency of 
LC-MS/MS methods is believed to be growing and is nowadays significantly higher 
because mass spectrometers are lately more accessible. In this section the most frequently 
used separation techniques as well as detectors will be overviewed with emphasis on LC- 
MS/MS. 


8.1. Liquid chromatography 


Good chromatographic separation is prerequisite for reliable and accurate quantification of 
metabolites in the biological samples. Baseline resolution must be achieved when liquid 
chromatography is coupled to non-MS detector. Although extensive chromatographic 
separation using LC-MS/MS is often not necessary, for certain cases, adequate resolution 
between drugs and various metabolites is required to avoid mass spectrometric 
interferences. Different metabolites may share the same MRM transition, such as 
hydroxylate metabolites [81] or glucuronides [37]. An example is shown in Figure 1. 
Additionally, unstable metabolites, such as N-oxides or glucuronides may be converted to 
parent drug by in-source dissociation or thermal degradation [79] or in collision cell (ion 
channel cross-talk). Interferences with endogenous compounds should also be avoided as 
matrix effect may appear (see 9.1.). 
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Figure 1. LC-MS/MS chromatogram of urine sample from a patient receiving raloxifene. MRM 
transitions represent (A) raloxifene diglucuronide, (B) two raloxifene monoglucuronides (C) parent 
raloxifene, (D) haloperidol as internal standard. For analysis conditions refer to [37]. 
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8.1.1. Reversed phase chromatography 


Reversed phase chromatography is most widely used technique in analysis of drugs and 
their metabolites due to its extensive application to most small molecules which are 
separated by their degree of hydrophobic interaction with the stationary phase. In most 
cases, metabolic changes lead to an increased polarity of the metabolite (strong shift for 
glucuronides and other phase II metabolites as also demonstrated in Figure 1) and therefore 
decreased retention on this stationary phase in relation to the parent drug [34]. The use of 
gradient elution is usually required to perform analysis of parent drug and _ polar 
metabolites. Common HPLC methods typically use a combination of water and either 
methanol or acetonitrile containing nonvolatile buffers, such as phosphate buffer and other 
inorganic additives as mobile phase. However, these nonvolatile additives cannot be 
recommended for LC-MS/MS because of possible MS contamination and also strong ion 
suppression effect. Volatile additives are used instead, such as formic or acetic acid (0.1% or 
lower) or ammonium acetate/formiate (2-10 mM) as salts. In order to maintain consistent 
chromatographic conditions, the pH of the mobile phase should be two units above or 
below pKa. C18 column is most commonly used. In some cases for polar metabolites short- 
chain bonded phases, such as C8, phenyl or cyano are more appropriate. Another effective 
way to resolve the retention issue is to add ion-paring reagent into mobile phase. The 
formed neutral ion pars increase retention and also improve peak shape. Among different 
ion-paring reagents trifluoroacetic acid and other perfluorated acids for basic analytes and 
for instance nucleoside phosphates for acidic analytes are appropriate for LC-MS/MS 
analyses [79]. These additives, especially trifluoroacetic acid, should be used at low 
concentrations because they cause ion suppression. 


8.1.2. Hydrophilic interaction chromatography (HILIC) 


HILIC using low aqueous/high organic mobile phase is emerging as a valuable supplement 
to the reversed phase chromatography for the retention of polar analytes [82]. An 
appropriate amount of water (usually 5-15%) in the mobile phase is suggested for 
maintaining a stagnant enriched water layer on the surface of the polar stationary phase 
where the analytes partite. HILIC separates compounds by eluting with strong organic 
mobile phase against a hydrophilic stationary phase where elution is driven by increasing 
the water content in the mobile phase [83]. Although some column companies are marketing 
columns specific for HILIC, most columns used with normal phases, such as pure silica or 
cyano columns, can operate in HILIC conditions. The highly volatile organic mobile phases, 
such as methanol and acetonitrile provide low column backpressure and also increased 
ionization efficiency for MS detection. It has been reported that the ionization responses for 
basic and acidic polar compounds were enhanced by 5-8 fold in the positive ionization 
mode and up to 20-fold in the negative ionization mode by the HILIC LC-MS/MS methods 
as compared to the reversed phase LC-MS/MS method [84]. Low back-pressure allows 
higher flow rates and may be used for shortening run times, up to several times [85]. 
Another advantage of HILIC is the possibility to inject higher volumes of organic solvent 
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onto the column without impairing peak shapes. Therefore, evaporation and reconstitution 
step of organic extracts after extraction procedure could be omitted making improvement in 
sample preparation automation and throughput [86]. 


8.1.3. Chromatographic approaches for polar metabolites 


Metabolites, in particular glucuronides, have typically higher polarity than their parent 
drugs (Figures 1 and 2). This is the reason that classical reversed phase chromatography 
(e.g. C18) is sometimes not sufficient enough to maintain appropriate chromatographic 
retention of these analytes. In such cases already mentioned approaches like short-chain 
bonded reversed phases and ion-paring reagents (8.1.1.) or HILIC (8.1.2.) may be used. 
Additionally, mixed-mode columns with an embedded ion-paring group in the reversed 
phase stationary phase provide the capability for both ion-exchange and hydrophobic 
interactions in the mobile phase to retain ionizable polar analytes. The mixed-mode 
column allows retaining hydrophobic analytes by the reversed phase mechanism and 
hydrophilic analytes by the ion exchange mechanism at higher organic content in the 
mobile phase [87]. Normal phase chromatography may also be used for retention of 
polar analytes but due to limited amount of water allowed in the mobile phase, normal 
phase chromatography interfaced with MS requires complex pretreatment steps for 
biological samples and therefore has much fewer applications than reversed phase LC- 
MS/MS [88]. 


The use of special packing material known as porous graphic carbon (PGC) is another 
alternative to achieve retention and separation of polar analytes. PGC chromatography 
commonly employs water, acetonitrile and methanol as the mobile phase but provides 
markedly greater retention and selectivity for polar analytes than reversed phase columns. 
For analyte elution PGC normally requires larger organic content in the mobile phase than 
reversed phase chromatography what consequently results in favorable sensitivity with MS 
detection [79, 83, 89]. 


Derivatization of polar analytes results in the reduction of polarity and is therefore another 
possibility to enhance the chromatographic retention. But this approach is disadvantaged as 
it is not going toward high throughput, especially in case when the primary purpose of the 
derivatization is not the detection or stability improvement of the analyte. 


8.2. Strategies for high-throughput improvement in liquid chromatography 


Current trend in pharmaceutical analysis is the reduction of the analysis time and the 
increase in sample throughput without sacrificing the separation selectivity. High- 
throughput bioanalytical assays are typically based on LC-MS/MS but may also be 
successfully extended to classical HPLC analyses. Approaches to achieve faster analyses 
include sample preparation (on-line automation or offline semi automation, section 7) and 
fast liquid chromatography. The later may be in general improved by three approaches: 
smaller particle size, shorter columns and higher mobile phase flow rates. 
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8.2.1. Ultra-high performance liquid chromatography (UHPLC) 


Reducing the particle diameter from 5.0 um to 1.7 um will, in principle, result in a 3-fold 
increase of efficiency, 1.7-fold increase in resolution, a 1.7-fold in sensitivity, and 3-fold 
increase in speed [79]. For fast analyses using sub-2um particle column dimensions are 
typically 50x2 mm. An additional benefit of UHPLC is the low consumption of mobile 
phase, where it saves at least 80% compared to HPLC [90]. The high back-pressure resulting 
in decreased particle size need appropriately designed chromatographic system that would 
withstand such high pressure (instruments nowadays up to 1200 bars) and also provide at 
least possible extra column effects. To prevent clogging, manufacturers of UHPLC 
recommend filtration of both samples and solvents through 0.2 um filter. Advantages as 
enhanced separation efficiency, short analysis time and high detection sensitivity make 
UHPLC coupled with MS/MS an even more powerful analytical support in pharmacokinetic 
studies [4]. 


8.2.2. Core-shell column 


An emerging alternative to porous particles are porous layer beads, known as core-shell or 
fused-core particles. The high separation efficiency of core-shell particles is a result of a 
faster analyte mass transfer from the mobile phase to outer porous layer of the particle. The 
improved dynamics of analyte movement through these columns result in higher effective 
peak capacities and separation efficiencies comparable to those fully porous sub-2um but 
with advantage of lower back-pressure [91]. This technology is comparable to UHPLC in 
terms of chromatographic performance but demands neither expensive UHPLC 
instrumentation nor new laboratory protocols [88]. Commonly available columns, such as 
Ascentis, Poroshell and Kinetex, use different stationary phases and particle sizes (e.g. 
Kinetex 1.7 and 2.6 um) and are widely used with classical HPLC instruments, also in our 
laboratories. Core-shell columns in combination with UHPLC-MS/MS exhibit excellent 
performance, as demonstrated in quantification of raloxifene and its three glucuronides [37]. 


8.2.3. Monolithic chromatography 


The use of single rod monolith column is an alternative approach to the chromatographic 
columns packed with fine particles. The high permeability allows the use of higher flow 
rates and therefore shorter chromatographic runs, as demonstrated for the separation of 
bupropion metabolites in 23 seconds or for methylphenidate and its metabolite in 15 
seconds [71]. 


High flow rates may require flow splitting before entering MS. An attractive approach using 
monolith separation is to combine it with high flow on-line extraction, which allows fast 
extraction and separation of samples [77]. Current limitations in the application of these 
columns are the small pH range [2-8], poor temperature resistance, limited column 
dimensions and stationary phases (C8 and C18) as well as higher costs due to higher mobile 
phase consumption. 
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8.3. Other separation techniques 


Gas chromatography with mass spectrometry (GC-MS) is most useful for the analysis of 
trace amounts of organically extractable, non-polar, volatile compounds and highly volatile 
compounds that may undergo headspace analysis. The GC-MS analysis of polar 
compounds, such as metabolites, from biological matrices requires analyte extraction into a 
volatile organic solvent either directly or after chemical derivatization, which typically 
enhances the volatility of previously non-volatile organic compounds [25]. Most analytes 
need extensive time-consuming sample preparation including derivatization to become 
stable, volatile and amenable to the ionization technique. This drawback in throughput 
necessitated the direction of GC-MS to LC-MS. LC-MS has an advantage over GC-MS 
method in drug metabolism studies, particularly for low dosed and large drugs, and of 
course for the analysis of phase II metabolites. However, GC-MS may also have advantages, 
especially in clinical and forensic toxicology or doping control [54]. GC-MS has been 
frequently applied for quantification of glucuronides in biological samples but only after 
treatment with &-glucuronidase in order to obtain parent drug before analysis [92]. The GC- 
MS technique is receiving wider acceptance in various classes of antidepressant agents, 
representing 6% of overall analytical methods for determination of antidepressants and their 
metabolites [67]. 


Capillary electrophoresis (CE) is another separation method for quantification of 
metabolites. This method offers very high resolution capability, high efficiency and short 
time of analysis. Moreover, CE in many instances can have distinct advantages over HPLC 
in terms of simplicity, rapid method development, solvent saving and minimal sample 
requirement [10-30 nL injected) making this technique very interesting for rapid and 
practical analyses in the biomedical field. However, the main disadvantage is low 
sensitivity. For this reason, application of CE for analysis of antidepressants and their 
metabolites is not so widely reported [67]. Applicability of CE using UV-absorbance or mass 
spectrometry detection was reported for determination of tamoxifene and its phase I 
metabolites [68]. 


8.4. Mass spectrometry 


Currently, the QQQ using single or multiple reaction monitoring is most often used for 
quantitative analysis of small molecules in the pharmaceutical industry. QQQ or single 
stage MS, operating in SIM, is not anymore recommended for reliable bioanalytical 
quantification, because it suffers from insufficient selectivity in comparison with MRM. SIM 
can provide the selected ion at certain m/z value, but the matrix or impurity interferences 
may occur at the same m/z value. Beside lower selectivity, SIM shows also much lower 
sensitivity in comparison to MRM due to much higher background noise. However, in some 
specific cases of good chromatographic resolution and the absence of matrix interferences, 
SIM may be considered as an alternative quantification method. Occasionally, due to the 
nature of dissociation pathways, resulting in low molecular weight product ions, radial 
ejection preceding dissociation and/or charge stripping, reliable precursor — product ion 


Analytical Methods for Quantification of Drug Metabolites in Biological Samples 


transitions cannot be established. Alternatively, a precursor — precursor scan for reducing 
noise can be employed [70]. 


Also other analyzers, such as ion traps and TOF, have been widely and increasly used for 
metabolite quantification. Especially hybrid instruments which combine a QQQ (Q1 and 
colission cell) and ion trap or TOF (Qtrap, Q-TOF). These instruments can operate as true 
tandem mass spectrometry and are usually applied for this purposes. Q-TOF can also 
operate as TOF and thus provide accurate mass measurments. Additonaly, high resolution 
of TOF instruments allows the resolution of chromatographic peak from background 
interferences achieveing better sensitivity. However, it does apear that QQQ using MRM 
remain about three to five times more sensitive than TOF [93]. 


The selection of an appropriate ionization technique depends on the analyte characteristics, 
such as the structure, polarity or molecular weight. In LC-MS/MS analysis three atmospheric 
pressure ionization techniques cover the whole range of compound polarities and molecular 
weight: ESI, APCI and APPI. Moreover, the polarity mode can be chosen according to the 
acidic, neutral or basic properties of the analytes. If the right choice of ionization technique 
and the polarity mode is not so obvious, all available possibilities should be considered in 
order to obtain the best response for tested analytes. The softest ionization technique, ESI, is 
the method of choice for polar and ionic compounds. The advantage of soft ionization is in 
providing reliable information about molecular weight of the phase II metabolites in 
comparison to other ionization techniques [42]. For parent drug and phase I metabolites 
with a lower polarity, APCI and APPI may provide better ionization efficiency and 
sensitivity [34]. APPI has a similar application range as APCI, but slightly extended toward 
nonpolar compounds [32]. ESI is generally more susceptible to matrix ionization 
suppression than APCI [94]. In case of neutral steroids or other poorly ionizable analytes, 
derivatization can be employed in order to increase detection sensitivity, but additionally 
the chromatographic retention enhancement of such derivatizated analytes may therefore 
provide less matrix effect. On the other hand, the disadvantage of derivatization lies in an 
additional time consuming step for sample preparation [30]. The adjustment of the mobile 
phase for improving analyte response is much easier compared to derivatization. The effect 
of mobile phase on ESI efficiency is not well understood and hence the behavior of an 
analyte in different mobile phase conditions cannot be routinely predicted. Various factors 
can affect the ionization of analytes in ESI, such as pH, mobile phase additives, flow rate, 
solvent composition and concentration of electrolytes. It is recommended to evaluate the use 
of additives (e.g. formic acid, ammonium acetate) and organic modifiers in mobile phase to 
maximize the ionization efficiency of the analyte, which is highly dependent on its chemical 
structure. Acidic conditions often promote positive mode ionization of basic compounds 
and conditions, which are slightly below neutral, neutral or basic, promote negative 
ionization of acidic compounds. 


A dramatic difference in the ESI response can be found even when acetonitrile is replaced 
by methanol in mobile phase. It was reported that an analyte gave only weak ESI response 
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in the positive ionization mode in mobile phase containing acetonitrile with formic acid 
and/or ammonium acetate. But replacement of acetonitrile with methanol in mobile phase 
gave approximately 25-fold higher response. On the other hand, for the same analyte, 
mobile phases containing acetonitrile or methanol gave about the same response in negative 
ionization [79]. Another interesting example is analysis of bisphenol A and its metabolite in 
biological samples. In order to gain the highest possible sensitivity for bisphenol A and 
bisphenol A glucuronide, LC-MS/MS conditions were optimized. ESI ionization source 
operating in negative ionization mode was selected for further optimization of mobile 
phase. It was found that substitution of acetonitrile/water with methanol/water as mobile 
phase increased response of parent by approximately two-fold but at the same time 
decreased response of its metabolite by approximately three-fold. Acetonitrile was selected 
as organic modifier because metabolite quantification is the main concern of metabolism 
studies. Additionally, sufficiently high sensitivity is needed for metabolite determination as 
low concentrations are expected in such studies [4]. 


8.5. Other detection techniques 


UV, fluorescence or electrochemical detectors are usually coupled with liquid 
chromatograph for determination of drugs and their metabolites. Total analysis time of 
these methods is often long because baseline chromatographic separation is required for 
quantification purposes. In terms of reproducibility and robustness, UV and fluorescence 
detection have an advantage over mass spectrometry. However, methods are less sensitive 
and specific what requires extensive and time-consuming sample preparation compared to 
mass spectrometry. 


Before the advent of mass spectrometry, UV was the primary detection technique used in 
pharmacokinetics for quantification of drugs and their metabolites in biological matrices. 
Although robust, reliable, simple and easy to use, UV detection provides relatively poor 
sensitivity, especially when the compound of interest has no significant chromophore [44]. 
However, HPLC coupled with UV detection is still widely applicable for determination of 
drugs and their metabolites in biological samples [95-97]. 


In contrast to UV, fluorescence or electrochemical detection can be a very selective and 
sensitive detection technique. These detectors can extend the sensitivity by 1-3 orders of 
magnitude if the analyte exhibits, or can be readily derivatized to exhibit, fluorescence or 
electroactivity [7]. Some drugs such as morphine have good fluorophores which allows its 
detection without derivatization. For direct determination of morphine and its two 
glucuronides assays based on liquid chromatography with different detector systems (UV, 
fluorescence, electrochemical, MS) has been reported. Limits of quantifications for both 
metabolites were comparable for MS and fluorescence detection but were as expected higher 
for UV detection [98]. Oxidation vulnerability and native fluorescence properties of most 
biogenic amines may explain the long history of their quantification by these conventional 
HPLC detection methods. However, LC-MS/MS methods are rapidly emerging due to its 
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specificity, sensitivity and high throughput [99]. Electrochemical detection is also very 
suitable for determination of antioxidants, such as ascorbic acid or glutathione, in biological 
samples [100]. 


When analytes do not exhibit fluorescence, electroactivity or have poor UV detection, 
derivatization can be performed to enhance their detection. In addition, chromatographic 
retention is enhanced by derivatization what is a very convenient in analysis of polar 
drug metabolites. Derivatization is an additional step in sample preparation where 
consideration regarding the stability of derivatizated analyte to solvolysis and thermal 
degradation need to be addressed. Nevertheless, fluorescence detection is still widely 
used [67, 68, 101]. 


9. Aspects of analytical quality 


LC-MS/MS is currently considered as the method of choice for quantitative analysis of drugs 
and their metabolites. The advantages of using this technique in MRM mode due to high 
sensitivity, selectivity and speed allow developing high throughput methods with little or 
no sample preparation and minimal chromatographic retention. However, matrix effect may 
have a significant impact on such LC-MS/MS analyses [94, 102, 103]. Therefore, the 
evaluation of matrix effect as well as strategies for its elimination or minimization needs to 
be adequately addressed. Another important parameter for analytical quality is the selection 
of an appropriate internal standard for the compensation of possible loss of analytes during 
sample clean up and variations in instrument performance. Other LC-MS/MS issues, such as 
ion channel cross-talk and carry-over should also not be overlooked. Moreover, metabolite 
instability may have an influence on the analytical performance and will be additionally 
addressed here. 


9.1. Matrix effect 


Matrix effect (ME) is a term that describes any changes in the MS response of analyte that 
can lead to either a reduced response (ion suppression) or an increased response (ion 
enhancement) of the LC-MS system. ME is caused by molecules originating from the sample 
matrix or mobile phase that co-elute with the analyte of interest and therefore interfere with 
the ionization process in the MS ion source. Several approaches have been proposed to 
evaluate ME. Among them the post column infusion technique is widely used. Use of this 
qualitative evaluation technique allows the determination of the matrix effect of endogenous 
components in blank matrix. During analysis of blank matrix, analyte response is monitored 
to provide information where in the chromatographic run interferences between the analyte 
and matrix compounds occur. ME is illustrated as response deviation in the otherwise flat 
response time trace of the continuously post-column infused analyte [104]. This approach is 
very useful during method development because it provides information on the retention 
times where ME has to be expected, which can later be avoided for analyte of interest by 
optimizing chromatographic conditions. 
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For quantitative estimation of ME another well recognised approach is more suitable. 
Matuszewski et al. reported practical approach for the assessment of the absolute and 
relative ME as a part of validation of bioanalytical LC-MS/MS methods [94]. The difference 
in response between neat solution sample and post-extraction spiked sample is called the 
absolute ME, while difference between various lots of post-spiked samples is called the 
relative ME. As such will an absolute ME primary affect the accuracy and relative ME will 
affect the precision of the method. The determination of a relative ME is much more 
important than the determination of absolute ME in the evaluation and validation of 
bioanalytical method in biofluids [94]. The relative ME caused by interindividual variability 
in the sample matrix is assessed based on at least 5 lots of different matrices. Relative ME 
can be expressed as a coefficient of variation at particular concentration level or calculated 
based on slope lines. For the method to be considered reliable and free from the relative ME, 
the calculated coefficient of variation of determined slopes in different sources of matrices 
should not exceed 3-4% [105]. 


ME is known to be both component and matrix dependent. It was demonstrated that 
matrix induced ion suppression is especially important for early eluting compounds, 
such as polar metabolites. Typically, ME more strongly influences lower than higher 
analyte concentrations [71]. The main source of the commonly observed ME of plasma 
samples is believed to be endogenous phospholipids and _ proteins. The 
lysophospholipids which normally elute earlier in reversed phase chromatography are 
more likely to cause matrix effects compared to the later eluting phospholipids in spite of 
the larger concentrations of the latter in plasma [106]. Phospholipids cause ion 
suppression in both, positive and negative ESI modes and must be removed or resolved 
chromatographically. 


To remove or reduce ME, modification to the sample extraction methodology (SPE or LLE 
instead of PP) and improved chromatographic separation must be performed. The majority 
of ME occur in the solvent front of a chromatographic run and if the analytes can be retained 
to some degree, matrix effects can be minimized. Suitable sample preparation and 
chromatographic conditions are linked together and form the basis of developing a 
successful and robust quantitative LC-MS/MS method [102, 103]. Another consideration 
when dealing with ME is selection of ionization interface. APCI is generally considered to be 
less prone to ion suppression compared with ESI [94, 105]. However, assay sensitivity and 
thermal stability of the analyte should be evaluated for eventual APCI application. Reducing 
the flow rate [20 pl/min or below) directed to ESI source by post column splitting may also 
reduce or completely remove the ion suppression [107]. Additionally to other approaches 
UHPLC technology in combination with polymeric mixed-mode SPE and appropriate 
mobile phase pH may provide significant advantages for reducing ME [73]. Mobile phase 
additives such as triethylamine and trifluoroacetic acid can also lead to ion suppression. The 
use of other reagents such as formic or acetic acid, trifluoroacetic acid in conjunction with 10 
mM ammonium acetate or addition of 1% propionic acid to the mobile phase may overcome 
the ME of trifluoroacetic acid. Triethylamine may be replaced with other ion paring reagent 
such as hexylamine [70]. 
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However, the most efficient way to eliminate the influence of ME on the accuracy and 
precision of a quantitative analytical method is the use of stable isotope labeled analogs as 
internal standards [105]. 


9.2. Selection of internal standard 


The selection of a suitable internal standard (IS) is one of the key parameters for establishing 
a successful LC-MS/MS method. Usually, stable isotope, such as 7H (D, deuterium), 8C, 5N 
or O, labeled standards are most appropriate for compensation of possible loss of analytes 
during sample clean up and variations in instrument performance (typically caused by 
matrix effect) since their physicochemical characteristics are practically identical to that of 
unlabeled analyte. In general, a stable isotope labeled IS is considered to be ideal, since it 
shows almost same behavior to the analyte of interest in sample preparation, 
chromatography as well as in ionization process [102]. However, issues like isotopic purity 
of IS, cross-contamination and cross-talk between MS ion channels, as well as IS stability 
and isotopic integrity of the label in biological fluid and during sample preparation should 
be carefully addressed [94]. 


Mass difference between analyte and IS should be at least 3 Da to avoid signal 
contribution of the natural isotopes to the signal of IS. Although deuterated IS are most 
frequently used, several disadvantages need to be considered in some cases, such as 
different extraction recoveries and retention times between such IS and analyte or 
exchange of deuterium atoms by hydrogen atoms [108]. For example, differences in 
retention times for deuterium labeled (dis) and unlabeled bisphenol A compounds is 
shown in Figure 2, where both, labeled metabolite and parent compound eluted slightly 
before their unlabeled analogs. Interestingly to mention, deuterium labeled bisphenol A 
(dic) has all 16 hydrogen atoms substituted by deuterium atoms but is actually dis labeled 
(mass shift 14 Da in MRM transition, Figure 2) because two deuterium atoms from the 
functional group (-OD) are easily exchangeable by hydrogen atoms. The observable 
chromatographic retention time shifts for deuterated analogs depend on the number of 
deuterated atoms in structure. Deuterated analogs have no retention time shifts up to 
approximately six deuterium atoms [34] but when more deuterium atoms are included in 
structure, such as ten, the retention time shift may be significant (up to 1.2 min) [108]. 
Therefore, other stable isotope labeled IS, such as °C, are considered as more appropriate 
[108]. 


The concentration of IS used for sample preparation is also important and should be 
approximately at the middle of calibration curve. Optimization of IS concentration is 
critical to avoid ion suppression by co-eluting analyte leading to standard curve non- 
linearity [70]. Even if stable labeled isotope IS is used, ME should still be investigated. 
Namely if ion suppression significantly reduces the signal of both, analyte and IS, the 
signal to noise ratio may decrease to a point where accuracy and precision may be 
negatively affected [102]. 
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Problems may occur when more than one compound is determined in the same analytical 
method. A number of labeled IS identical to number of analyzed compounds would in this 
case be required [102]. This is not always practically feasible, especially not for stable isotope 
labeled drug metabolites as their availability is very limited. In such cases, to assure the 
suitability of the quantification method for determination of drugs and their metabolites, 
ME evaluation should be carefully addressed [37]. On the other hand, example for 
simultaneous determination of parent compound and its metabolite using both labeled IS [4] 
is shown in Figure 2. It is preferred that the labeled IS product ion used for the MRM 
transition retains the stable isotope moiety as for m/z 403 — 227 (bisphenol A-glucuronide) 
versus 417 — 241 (deuterated bisphenol A-glucuronide) in Figure 2. 


However, labeled ISs are not always available or can be very expensive. As an alternative, 
structural analogues can be used, with consideration of the structural similarities between 
the IS and the analyte. To be suitable, the ionization of the analogue must be compared with 
analyte and should preferably co-elute with the analyte (Figure 1). The selected analog IS 
should not correspond to any metabolic product of analyte, such as hydroxylated or N- 
dealkylated metabolites [108]. Nevertheless, in many cases analog ISs or structurally 
unrelated ISs are not able to compensate the ME [94, 105]. In such situation, other more 
rigorous approaches to reduce or eliminate ME should be applied (see 9.1.). 


9.3. LC-MS pitfalls 


Metabolite may produce a molecular ion that is identical to parent ion through in source 
conversion. Typical metabolites for such conversion are glucuronides, sulfates or N-oxides 
[79]. N-oxide conversion may also serve for identification purposes as this transformation 
takes place in APCI source and represent another potential way to differentiate N-oxide 
from hydroxylated metabolites (both with exact mass) since the later usually do not undergo 
thermal deoxygenation [23]. Therefore, an inadequate chromatographic separation between 
parent drug and such metabolites will result in over estimation of parent drug concentration 
in the presence of these isomeric compounds. The same situation may happen also by ion 
channel cross-talk in MRM mode, which means that fragment issued from the other scanned 
transition is still present in collision cell. Metabolites, such as diverse glucuronides, that give 
the same product ion as parent drug, have to be therefore chromatographically separated. 
However, for co-eluting compounds, such as analytes and their IS, the absence of cross-talk 
has to be demonstrated [37]. 


Carry-over, which is the appearance of an analyte signal in a blank injection subsequently to 
analysis of high concentration samples, is also a common problem in LC-MS/MS methods. 
This problem occurs due to retention of analytes by adsorption on active surfaces of the 
autosamples, solvent lines, extraction columns (e.g. online SPE) or the analytical column. 
Most carry-over problems can be minimized by an appropriate choice of injector wash 
solutions and methods, by proper choice of mobile phase and tubings, and by choice of 
suitable stationary phase and proper variation in the solvent strength [70]. Carry-over 
becomes prominent after injection of analyte at high concentration and should be assessed 
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during the validation of the method. Carry-over is usually expressed as percentage of 
detected analyte in blank sample regarding to its limit of quantification [4] and may 
significantly lower the sensitivity of the method [109]. 
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Figure 2. LC-MS/MS chromatogram in MRM mode for metabolite (BPAG) and parent bisphenol A 
(BPA) of a typical microsomal incubation. (A) mass transition for BPAGais (internal standard for BPAG), 
(B) mass transition for BPAG, (C) mass transition for BPAais (internal standard for BPA), (D) mass 
transition for BPA. For analysis conditions refer to [4]. 
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9.4. Metabolite stability 


For drugs and metabolites that are unstable, with one converting to other, conditions used 
during sample preparation and analysis must be optimized in order to minimize such 
conversion and to achieve accurate quantification of the drug and metabolite. Common 
factors that affect drug and drug metabolite stability in biological matrices include 
temperature, light, pH, oxidation and enzymatic degradation [110]. Acyl glucuronides (O- 
ester conjugates) are probably the most commonly encountered problematic metabolites 
in bioanalysis. Acyl glucuronides are unstable and hydrolyze to release aglycone under 
neutral and alkaline conditions. Different acyl glucuronides have been shown to have 
different rates of hydrolysis. However, mildly acidic conditions (pH 3-5) should be the 
most desirable pH for minimizing the reaction in biological samples [59, 111]. Acyl 
glucuronides (1-O-acyl glucuronides) are also susceptible to internal migration under 
both, physiological and alkaline conditions. The rate of migration resulting in 2-, 3- and 4- 
O-acyl glucuronides increases with increasing pH and temperature. Such isomeric 
glucuronides are not susceptible to hydrolysis by &8-glucuronidases and may compromise 
the quantification of metabolites and total parent drug when indirect quantification 
approach via conjugate cleavage is applied [111]. Similar to O-glucuronides, N- 
glucuronides can be converted back to parent drug under acidic/basic/neutral pH 
conditions or at elevated sample processing temperature, but this instability is largely 
compound dependent. For example olanzapine glucuronide can be readily cleaved under 
acidic conditions, clozapine and cyclizine glucuronides are unstable at range pH 1-3 and 
doxepin glucuronide at pH 11 [112]. Lactone is another commonly unstable metabolite 
function group which may be converted to its open ring hydroxy acid drug. Lactone 
metabolites, such as atorvastatin metabolite, require optimization of the sample pH 
(typically 3-5) in order to minimize the hydrolysis of lactone metabolite back to parent 
drug [113]. 


N-oxides are also unstable in solutions and biological samples during sample preparation, 
especially under strong acidic or basic conditions. Light exposure may further accelerate the 
decomposition of these metabolites. Other compounds are also susceptible to 
photodegradation such as, catechols, nisoldipine, rifampin and their metabolites and should 
be protected from light during sample preparation and analysis [112]. 


10. Conclusion 


Current drug discovery efforts have been focused on identification of drug metabolism 
and pharmacokinetic issues at the earliest possible stage in order to reduce the attrition 
rate of drug candidates during the developmental phase. Metabolic fate of drugs can be 
responsible for problems associated with their bioavailability, interindividual variability, 
drug-drug interactions, pharmacologic activity or the toxicity. Different in vitro methods, 
from subcelullar to organ range, and in vivo studies are applied for the clarification of 
drug metabolism. Among them microsomes and hepatocytes are the most frequently 
utilized in vitro models in drug metabolic profiling and drug interaction studies. For the 
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successful monitoring of the drug metabolism, suitable bioanalytical methods have to be 
developed and validated. Liquid chromatography coupled with mass spectrometry has 
become the most powerful analytical tool for identification and quantification of drug 
metabolites. 


The known identity of metabolites is the prerequisite for a suitable metabolic assessment of 
drugs. Appropriate LC-MS instrumentation is clearly critical to both, detection and 
structural elucidation. Tandem mass spectrometry instruments are beside their key role for 
metabolite quantification also well suited for qualitative purposes as they enable different 
scan possibilities (constant neutral loss, precursor ion, product ion) for structural 
characterization of metabolites. However, the drive to more versatile and powerful 
instruments which can perform intelligent data dependent experiments and accurate mass 
measurements has led to newer high resolution mass analyzers, such as Q-TOF instruments, 
which now dominate the metabolite identification field. 


Direct quantification of metabolites in biological samples is the most appropriate approach, 
but also others approaches such as indirect quantification through parent drug after 
metabolite hydrolysis or quantification supported by using response factors may be used 
which primary depends on the availability of suitable authentic standards. Analytical 
methods for metabolite quantification are based on liquid chromatography or other 
separation techniques coupled with various detector systems where LC-MS/MS plays 
predominant role in bioassays for pharmacokinetic and metabolism studies due to its 
inherent specificity, sensitivity and speed. 


In order to support metabolism experiments in a timely manner, the use of high 
throughput methods for the analysis of drugs and their metabolites in biological samples 
has become an essential part, especially in the most time consuming sample preparation. 
Trend is going toward semi automated off-line sample treatment in 96-well plate format 
or on-line SPE after direct injection of samples. Additionally, other high throughput 
approaches can be introduced. Ultra-high performance liquid chromatography with small 
particles and monolithic chromatography offer improvements in speed, resolution and 
sensitivity compared to conventional chromatographic techniques. Hydrophilic 
interaction chromatography (HILIC) or other specialized columns suitable for polar 
metabolites are emerging as a valuable supplement to classical reversed phase 
chromatography. 


The main advantage of LC-MS/MS allows development of high throughput methods with 
little or no sample preparation and minimal chromatographic retention. However, matrix 
effect may have a significant impact on such analyses. Matrix effect issue is frequently 
underestimated and should be adequately addressed. Not without reason, matrix effect 
have been called the Achilles heel of quantitative LC-ESI-MS/MS [103]. The use of stable 
isotope labeled analog as internal standard is the most efficient way to reduce matrix 
effect. But normally, additional approaches to reduce or eliminate matrix effect are 
needed. 
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DMPK, drug metabolism and pharmacokinetic; CYP, cytochrome P450; UGT, UDP- 
glucuronosyltransferase; NAT, N-acetyltransferase; GST, glutathione-S-transferase; SULT, 
sulfotransferase; UDPGA, uridine diphospoglucuronic acid; PAPS, phospohoadenosine 
phosphosulfate; HLM, human liver microsomes; LC-MS, liquid chromatography-mass 
spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; GC-MS, gas 
chromatography-mass spectrometry; CE, capillary electrophoresis; LC-NMR, liquid 
chromatography-nuclear magnetic resonance; HPLC, high performance liquid 
chromatography; UHPLC, ultra-high performance liquid chromatography; HILIC, 
hydrophilic interaction chromatography; PGC, porous graphic carbon; RAD, radioactivity 
detector; MS, mass spectrometry; MS/MS, tandem mass spectrometry; API, atmospheric 
pressure ionization; ESI, electrospay ionization; APCI, atmospheric pressure chemical 
ionization; APPI, atmospheric pressure photoionization; QQQ, triple quadrupole; IT, ion 
trap; QTrap, triple quadrupole-linear ion trap; TOF, time of flight; Q-TOF, triple 
quadrupole-time of flight; FT-ICR, fourier transform-ion cyclotron resonance; IM-MS, ion 
mobility mass spectrometry; MRM, multiple reaction monitoring; SRM, selected reaction 
monitoring; SIM, single ion monitoring; CNL, constant neutral loss scan; PI, precursor ion 
scan; PP, protein precipitation; LLE, liquid-liquid extraction; SPE, solid-phase extraction; 
RAM, restricted access materials; ME, matrix effect; IS, internal standard. 
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1. Introduction 


Nowadays, there is a growing need for applications in food and environmental areas able to 
cope with the analysis of a large number of analytes in very complex matrices [']. The new 
analytical procedures demand sensitivity, robustness, effectiveness and high resolution with 
reduced analysis time. Many of these requirements may be met to a certain extent by the 
total or partial automation of the conventional analytical methods, including sample 
preparation or sample pre-treatment coupled on-line to the analytical system. Furthermore, 
the recent use of ultra-high-performance liquid chromatography (UHPLC) for 
environmental and food chemical analysis has increased the overall sample throughput and 
laboratory efficiency without loss (and even with an improvement) of resolution obtained 
by conventional HPLC systems. 


Nonetheless, despite the advances in chromatographic separations and mass spectrometry 
techniques, sample treatment is still one of the most important parts of the analytical process 
and effective sample preparation is essential for achieving good analytical results ["]. Ideal 
sample preparation methods should be fast, accurate, precise and must keep sample 
integrity. Therefore, over the last years, considerable efforts have been made to develop 
modern approaches in sample treatment techniques that enable the reduction of the analysis 
time without compromising the integrity of the extraction process. The use of on-line solid- 
phase extraction (SPE), which minimizes sample manipulation and provides both high pre- 
concentration factors and recoveries [?*], is an increasingly powerful and rapid technique 
used to improve the sample throughput and overcome many of the limitations associated 
with the classical off-line SPE procedure. However, in most of the cases, matrix related 
compounds may also be co-extracted and could interfere in the analysis. Consequently, in 
order to minimize the effect of all these possible interferences a selective clean-up step may 
be required. Higher specificity and selectivity together with satisfactory extraction efficiency 
can be obtained using sorbents based on molecularly imprinted polymers (MIPs) [**]. Solid- 
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phase extraction (SPE) based on MIPs is a highly attractive and promising approach for 
matrix clean-up, enrichment and selective extraction of analytes in such kind of complex 
samples. Another modern trend in sample preparation for multi-residue applications is the 
use of the QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) method. The QUEChERS 
method is a recent and fascinating alternative procedure that has become particularly 
popular for the multi-residue analysis of pesticides in various food matrices [?°], although 
this methodology is also being successfully employed for the extraction of other families of 
compounds [!"7]. Recently, the use of turbulent-flow chromatography (TFC) has also been 
reported for direct analysis of complex matrices such as honey, milk and animal tissues with 
reduced or without any sample manipulation [19-15]. 


The aim of this chapter is to discuss new trends in sample preparation techniques applied 
into food and environmental analysis. It includes a selection of the most interesting and 
promising sample treatment procedures such as on-line SPE methods, MIPs, QuUEChERs, 
and turbulent flow chromatography. The applicability of each technique in food and 
environmental analysis will be discussed through the analysis of the most relevant papers 
recently published. 


2. Solid-phase extraction (SPE) 


Solid-phase extraction (SPE) is the most popular sample preparation technique for 
environmental and food samples. Due to its high versatility, the SPE procedure is used for 
many purposes, such as purification, trace enrichment, desalting, derivatization and class 
fractionation. The principle of SPE is similar to that of liquid-liquid extraction (LLE). It 
involves partitioning between a liquid (sample matrix or solvent with analytes) and a solid 
sorbent phase. Anyway, many of the problems associated with LLE, such as incomplete 
phase separations (emulsion), less-than-quantitative recoveries, use of expensive, breakable 
specialty glassware, disposal of large quantities of organic solvents, can be prevented by 
using SPE procedure. In addition, SPE resulted more efficient than LLE because yields 
quantitative extractions that are easy to perform, is rapid, and can be automated [!%!7]. 


The general SPE procedure has to provide sample extracts that are free of interfering matrix 
components and concentrated enough for detection. The SPE process basically consists in 
four different steps: conditioning, sample addition, washing and elution (Figure 1). 


First, the most suitable solid sorbent will be selected and conditioned using an appropriate 
solvent. During the conditioning the functional groups of the sorbent bed are solvated in 
order to make them able to interact with the sample. The sample addition consists in the 
percolation of the samples through the solid sorbent. During this step, the analytes as well 
as some matrix components are retained and thus concentrated on the SPE packing 
material.Successively, the analytes and interferents separation could be realized by the three 
following ways:selective extraction, selective washing or selective elution. Selective 
extraction is performed when the SPE procedure is used to remove the interfering 
components (trace enrichment). In this way, only selected components are retained. 
Selective washing is accomplished when the target analytes and the impurities are retained 
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on the sorbent bed: the impurities will be rinsed through with wash solutions that are strong 
enough to remove them, but weak enough to leave the analytes behind. Differently, 
selective elution consists in the elution of the adsorbed compounds of interest by a solvent 
that leaves the strongly retained impurities behind. The elution of target analytes could 
require different solvents, when SPE is applied in order to perform the class compound 
fractionation. 


CONDITIONING SAMPLE ADDITION WASHING ELUTION 


Ir tp qty 4! 


q 
Analyte ® Interferents © ex 


Figure 1. Schematic representation of SPE clean-up procedure. 


To achieve optimal SPE extraction conditions, the choice of sorbent is a key factor because 
this can control parameters of primary importance such as selectivity, affinity and capacity 
[!8]. This choice depends strongly on the nature of the analytes and their physical and 
chemical properties, which should define the interaction with the chosen sorbent. However, 
results can also depend heavily on the sample matrix and its interactions with both sorbent 
and analytes. 


After the sorbent choice, the eluotropic strength of adsorption on silica and the polarity 
index will be helpful in order to select a suitable solvent. The polarity index is an accurate 
measure of solvent’s ability to interact as proton donator, proton acceptor or dipole whereas 
eluotropic series arranges solvents in order of decreasing elution strength for solutes from a 
particular sorbent. 


2.1. SPE sorbents 


The sorbent selectivity depends on the attractive forces between the analytes and the 
functional groups on the sorbent surface. The sorbent can interact with analytes by 
hydrophobic (non polar-non polar, van der Waals), hydrophilic (polar-polar, hydrogen 
bonding, dipole-dipole, dipole-induced dipole), cationic-anionic and selective antigen- 
antibody interactions. 
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Each sorbent offers a unique mix of these types of interactions. 


The sorbent widely used for SPE packing can be classified into polar phases (normal phase), 
non-polar phases (reversed phase), ion exchange and immunoaffinity adsorbents. 


Polar phases are used under normal phase chromatography conditions. These phases include 
polar adsorption media(LC Florisil, ENVI-Florisil, and LC-Alumina) and _polar- 
functionalized bonded silica materials. The retention mechanism of an analyte is primarily 
due to interactions between polar functional groups of the analyte and polar groups on the 
sorbent surface. These include hydrogen bonding,7-7interactions, dipole-dipole 
interactions, and dipole-induced dipole interactions, among others. A compound adsorbed 
by these mechanisms is eluted by passing a solvent that disrupts the binding mechanism; 
usually a solvent that is more polar than the sample’s original matrix. 


Polar adsorption media comprises underivatized silica material (SPE-Si), magnesium silicate 
(SPE- Florisil) and aluminum oxide materials (SPE-alumina). 


SPE-Si is suitable to adsorb polar compounds from non polar matrices. All samples used 
with this material must be relatively water-free since the functional group involved in the 
adsorption of compounds are the free hydroxyl groups on the surface of silica particles. 


Polar-functionalized bonded silica sorbent consists of a silica material modified by bonding 
functional groups, such as ciano (SPE-CN), aminopropyl (SPE-NHz2), diol (SPE-Diol) to the 
surface of the SPE material. These phases are less retentive than SPE-Si toward very polar 
analytes and therefore permit extractions impossible to achieve with unmodified silica gel 
[1°]. They result useful to adsorb and selectively elute compounds of very similar structure 
(e.g. isomers), or complex mixtures or classes of compounds such as drugs and lipids. 
Moreover, SPE-CN, can be used also under reversed phase conditions (with aqueous 
samples) to extract moderately polar compounds. The SPE-NH2 can also be applied under 
ion exchange conditions in order to separate charged compounds. 


Non polar phases are used under reversed phase chromatography conditions. These sorbents 
comprise alkyl silica and polymer based materials. Alkyl silica sorbents are manufactured by 
bonding alkyl or aryl functional groups, such as cyano (SPE-CN), octyl (SPE-8), octadecyl 
(SPE-18) and phenyl (SPE-Ph) to the silica surface. These phases are suitable for the extraction 
of hydrophobic or polar organic analytes from aqueous matrices. The retention of analytes is 
due primarily to the non polar-non polar attractive forces between the carbon-hydrogen bonds 
in the analytes and the functional groups on the silica surface. The elution of adsorbed 
compounds is generally made by using a non polar solvent to disrupt the forces that bind the 
compound to the packing. Since all silica based bonded phases contain not-uncapped silanols, 
which can cause the strongly binding (sometime irreversibly, i.e tetracyclines) of some group 
of compounds, the addition of a more polar solvent may be often necessary.The main 
drawback of alkyl silica sorbent, especially of SPE-8 and SPE-18, is their poor water wettability. 
These cartridges require an initial conditioning step with a water-miscible organic solvent. 
When the internal surface of sorbent fails to be wetted because of the omission of the 
conditioning step or if the sorbent runs dry, the accessibility of sorbent surface for adsorbing 
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analytes is severely reduced. For instance, low recovery of analytes can be observed when 
SPE-18 sorbent is accidentally dried down before sample application. 


Nevertheless, the narrow pH stability range of all modified silica reversed phase must be 
taken into account when SPE is carried in extremely acidic or basic media. For this purpose, a 
reversed phase polymerically bonded, such as copolymers of styrene-divinylbenzene (SPE-PS- 
DVB) resulted more resistant to pH extremes, and thus is more suitable for environmental 
applications for trapping organic compounds from acidified aqueous samples. Moreover, PS- 
DVB resin copolymer is a hydrophobic resin which has greater analyte retention, mainly for 
polar compounds, than their hydrophobic surface containing a relatively large number of 
active aromatic sites which allow 1-7 interactions with unsaturated analytes [?°]. The higher 
potential of PS-DVB over SPE-18 for trapping aromatic compound, especially phenols, is 
largely demonstrated [?!”]. Anyway, PS-DVB has some drawbacks, such as lack of selectivity 
and low breakthrough volumes for highly polar compounds, which leads to their incomplete 
extraction from predominantly aqueous matrices. Over the years, the performance of SPE-PS- 
DVB has been enhanced by attaching polar groups (ie. acetyl, hydroxmethyl, benzoyl, o- 
carboxybenzoil, sulfonate, trimethylammonium) to the aromatic ring on the polymer DVB [”] 
or by changing the copolymer composition. The SPE-DVB phase modified with o- 
carboxybenzoyl was useful applied for the determination of pesticides and phenolic 
compounds in environmental waters. The HLB sorbent, a macroporous copolymer prepared 
from a balance ratio of two monomers the lipophilic divinylbenzene and the hydrophilic N- 
vinylpyrrolidone has been formulated. It can absorb a wide range of polar and no-polar 
compounds [*] and its performance is unaffected by sorbent dry. It represents the most 
common hydrophilic sorbent used in the herbicides extraction [75]. 


Ion Exchange phasesare comprised of positively (aliphatic quaternary amine, aminopropy]l) or 
negatively (aliphatic sulfonic acid, aliphatic carboxylic acid) charged groups that are bonded to 
the silica surface. These sorbents are really suitable for extraction of charged analytes, such as 
acidic and basic compounds, from aqueous or non-polarorganic samples. They exert a 
retention mechanism based mainly on the electrostatic attraction of the charged functional 
group of the analytes to the charged groups that are bonded to the silica surface. In order to 
retain a compound by ion exchange from an aqueous solution, the pH of the sample matrix 
must be one at which both the compound of interest and the functional group on the bonded 
silica are charged. Also, there should be few, if any, other species of the same charge as the 
compound in the matrix that may interfere with the adsorption of the compound of interest. A 
solution having a pH that neutralizes either the compound’s functional group or the functional 
group on the sorbent surface is used to elute the compound of interest. When one of these 
functional groups is neutralized, the electrostatic force that binds the two together is disrupted 
and the compound is eluted. Alternatively, a solution that has a high ionic strength, or that 
contains ionic species that displaces the adsorbed compound, is used to elute the compound. 


Positively charged compounds are isolated under cation exchange conditions by using SPE 
sorbent containing silica linked with aliphatic sulfonic acid (SPE-SCX) or aliphatic carboxylic 
acid (SPE-WCX). The sulfonic acid group is strongly acidic and attracts or exchanges cationic 
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species in a contacting solution. It is charged over the whole pH range, and therefore can be 
used to isolate strong cationic (very high pKa >14) or weak cationic (moderately high pKa <12) 
compounds, as long as the pH of the solution is one at which the compound of interest is 
charged. Anyway, SPE-SCX cartridges should be used to isolate strong cations only when their 
recovery or elution is not desired. Weak cations can be isolated and eluted from SPE-SCX; 
elution is done with a solution at 2 pH units above the cation’s pKa (neutralizing the analytes), 
or by adding a different cation that displaces the analytes. If recovery of a strongly cationic 
species is desired, SPE-WCX is more suitable. The carboxylic acid group, present in SPE-WCX 
material, is a weak anion, and is thus considered a weak cation exchanger (WCX). It has a pKa 
of about 4.8, will be negatively charged in solutions of at least 2 pH units above this value, and 
will isolate cations if the pH is one at which they are both charged. SPE-WCX can be used to 
isolate and recover both strong and weak cations because the carboxylic acid functional group 
on the silica surface can be neutralized (2 pH units below its pKa) in order to elute the strong 
or weak cations. Weak cations also can be eluted from LC-WCX with a solution that 
neutralizes the adsorbed cations (2 pH units above its pKa), or by adding a different cation that 
displaces the analytes. 


Negatively charged compounds can be isolated under anion exchange condition by using 
SPE sorbent containing silica functionalized with positively charged groups, such SPE-SAX 
and SPE- NH2. 


SPE-SAX material presents an aliphatic quaternary amine as functional group. This is a strong 
base that exchanges or attracts anionic species in the contacting solution. Its pKa is very high 
(greater than 14), which makes the bonded functional group charged at all pHs in aqueous 
solution. As a result, LC-SAX is used to isolate strong anionic (very low, pKa <1) or weak 
anionic (moderately low, pKa >2) compounds, as long as the pH of the sample is one at which 
the compound of interest is charged. For an acidic compound of interest, the pH of the matrix 
must be 2 pH units above its pKa for it to be charged. In most cases, the compounds of interest 
are strong or weak acids. Because it binds so strongly, LC-SAX is used to extract strong anions 
only when recovery or elution of the strong anion is not desired (the compound is isolated and 
discarded). Weak anions can be isolated and eluted from LC-SAX because they can be either 
displaced by an alternative anion or eluted with an acidic solution at a pH that neutralizes the 
weak anion (2 pH units below its pKa). If recovery of a strongly anionic species is desired, the 
use SPE-NH2 is recommended. Generally, SPE-NHz is used for normal phase separations but it 
is also considered to be a weak anion exchanger (WAX) when used with aqueous solutions. It 
has an aliphatic aminopropyl group bonded to the silica surface. The pKa of this primary 
amine is around 9.8. For it to be used as an anion exchanger, the sample must be applied at a 
pH at least 2 units below 9.8. SPE-NH2 is used to recover both strong and weak anions because 
the amine group can be neutralized (2 pH units above its pKa) in order to elute the strong or 
weak anions. 


Immunoaffinity SPE phases, also called immunosorbents (ISs), are very interesting materials 
because of their high selectivity. ISs cartridges are filled with antibody materials bonded 
onto silica gel support. They allow extraction, concentration and clean up from complex 
matrices in a single step, and from large sample volumes. The retention mechanism of these 
sorbents involves reversible and selective antigen-antibody interactions. 
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Due to the drawbacks of the commonly used SPE phases (previously discussed), the main 
current trends is the study and development of new sorbents materials. These new materials 
try to fulfill the requirements according to present needs, such higher specific surface area, 
selectively towards the target analytes, easy manipulation allowing coupling on-line 
configurations and higher biocompatibility, with the overall objective of the enhancement of 
the efficiency of the extraction process. Among them, molecularly imprinted polymers 
(MIPs), restricted access material (RAM), porous graphite carbon (PGC) and mixed-mode 
polymeric sorbent are attracting much interest [57775]. 


MIP, which has become more and more popular in recent years, is a technology where 
recognition sites are created by copolymerization of a target molecule in a macromolecular 
matrix. This technique will be discussed in detail in section 3. 


RAM materials possess a pore size that restricts big molecules from entering the interior 
extraction phase based on size. They have a bimodal surface topochemistry and enable the 
simultaneous performance of two different chromatographic processes [?’]: 


1. size exclusion chromatography (SEC), ie. macromolecular sample components (>15,000 
Dalton) are directly eluted to waste; 

2. adsorption chromatography (e.g. reversed-phase chromatography), i.e. low-molecular- 
weight sample components are bound adsorptively on the internal pore surface. 


Because the ability of these phases to exclude proteins, RAMs are the most suitable choice 
for clean-up biological and food samples. In a recent work, Chico et al. [°°], evaluated the 
SPE-RAM clean- up for tetracyclines analysis in milk and water samples. The RAM clean-up 
removed large peaks that otherwise appeared in the initial time window of the 
chromatograms, attributed to proteins in milk samples and humic substances in water 
samples. Thus, quantification of analytes in real samples, especially of the most polar 
compounds such as oxytetracycline and tetracycline, was clearly improved. 


Porous graphite carbon (PGC) material is manufactured by impregnating a high porosity LC 
silica gel (to provide the desired pore size) with a phenol-formaldehyde resin. 


PGC behaves as a strong reversed-phase stationary phase, even stronger than SPE-18 silica 
phase which represents the most hydrophobic of the commonly used alkyl substituted silica 
phases [°!]. The retention mechanism of PGC is different from that observed of reversed- 
phase silicas. The retention mechanism of polar analytes on PGC is a charged-induced 
interaction of the polar analyte with the polarizable surface of graphite [**]. The strength of 
interaction between a hydrophobic analyte molecule and the PGC surface largely depends 
on how well the molecule fit onto the flat graphite surface.PGC has been found to be 
particularly selective with respect to geometrical isomers and closely related substances. It 
was found that non-polar analytes were strongly retained on PGC. 


Mixed mode polymeric sorbents combine the polymeric skeleton with ion-exchange group. It 
can be divided into cationic (GPE-MCX) or anionic (SPE-MAX) and as weak or strong ion 
exchange, depending on the ionic group linked to the resin. The retention mechanism of 
mixed-mode ion exchange chromatography combines the use of reversed-phase and ion- 
exchange modes into a single protocol on a single SPE cartridge. The mixed mode sorbents 
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are useful for fractionation of analytes. It can be used to isolate and separate neutral, acidic, 
and basic compounds from a single complex matrix. Intermediate washes with organic 
solvent mixtures of appropriate elution strength may be used to isolate neutral compounds, 
including ionizable analytes in their neutral state. Selective elution of ionically bound 
analytes may be attained by manipulating the charge of either the analyte (when bound to 
strong ion exchangers) or the sorbent (for analytes bound to weak ion exchangers). 


2.2. Off-line SPE 


SPE is widely used in environmental and food analysis in order to clean-up complex 
matrices and to isolate or/and concentrate target compounds. Two different SPE approaches 
are currently available: off-line and on-line procedures. In any case, the method 
development in SPE is accomplished by investigating pH, ionic strength, polarity and flow- 
rate of the elution solvent and physico-chemicals characteristics of the sorbent bed. Briefly, if 
the target analytes are polar, normal phase extraction is indicated. When the analytes are 
less polar, reverse phase separation is advised. While ion exchange SPE extraction is suitable 
when the analytes are charged. 


Some reasons for low sample recovery in SPE are: inappropriate cartridge conditioning, too- 
strong loading and wash solvent, too large volume (mass) of loaded, and too weak or too 
small volume of elution mobile phase ["*]. 


The off-line SPE equipment is economical and uncomplicated, thus fully applicable to on-site 
sampling. This consists in a sorbent material, which come in different packaging (syringe 
barrels, microtubes-tips and discs), in a solvent system (eluent) and in a vacuum manifold. The 
most popular packaging format for off-line SPE results a syringe barrels which are easy to 
handle by using vacuum or positive-pressure manifold. However, it is not easy to control the 
flow-rate, and care should be taken to prevent the column from drying out prior to sample 
application. As it could be difficult to elute the analytes of interest from SPE syringe using 
minimal solvent volume unless organic solvent composition rises up to 100%, special SPE 
discs are typically used for these purposes. This approach is much quicker as evaporation to 
dryness and reconstitution are no longer necessary because elution can be performed directly 
by a mobile phase. A major drawback is the small sample capacity of the discs. 


The off-line SPE procedure presents the following weaknesses: it is time consuming, it requires 
large amount of the organic solvent for the elution, and it could cause a possible loss of 
analytes during the evaporation steps. In addition off-line SPE provide a large manipulation of 
the samples thus possibility of contamination, less accuracy and precision can be found. 


In spite of all disadvantages, off-line SPE approach remains useful for analyzing 
complexsamples, because of its greater flexibility and whenever elution solvent is not 
compatible with the subsequent method of analysis [*]. 


Off-line SPE remain the widely used sample preparation technique for environmental and 
food analysis. Some of the most recent applications of SPE to environmental and food 
matrices are summarized in Table 1. 
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cyanuric acid 


soybean powder, 
protein powder, 
milk and other 
dairy products 


MS/MS 


cation exchange sorbent 


Compound Sample Percent SPE column Reference 
technique 
Food analysis 
Mineral oil 
saturated Vegetable oils GC-FID Silver silica gel [>] 
hydrocarbons 
Pesticides Berry fruits GC-MS Envi-Carb + SPE-NH2 [>] 
Anthocyanin __|Berry fruits HPLC-MS Amberlite XAD7 [35] 
Sudan dyes Hot chili powder |HPLC-DAD _|Alumina [°7] 
Chromabond C18ec, Strata-X RP, 
Bakerbond Octadecyl, 
Hi Sieesy Food products Bakerbond SDB-1, Bakerbond 
iredaacs (aqueous HPLC-MS SPE Phenyl, Oasis HLB, [35] 
solution) LiChrolut RP-18, Supelclean LC- 
18, Discovery DSC-18,Zorbax 
C18 
Egg, pork, liver, 
kidney of pig, 
shrimp, honey, 
Melamine and |soybean milk, HPLC- Hydrophilic functional gel and 


[?] 


Environmental a 


nalysis 


Lake water, 


Nitrobenzene {sanitary GC-MS Bhenotnazine bonded silica [) 
compounds wastewater, and (PTZ-Si) 
pond water 
Food samples 
(fish, meat and 
Poly hromanaled WEECAp ies) GC-MS Finals ates [Hy 
diphenyl ethers |environmental 
samples (soil or 
sediments) 
Alkylphenol 
ethoxylates; Sep-Pak Vac Cis, Oasis HLB, 
steroidal Wastewater HPLC-MS Bond Elut-ENV, Bond Elut [*] 
hormones; Plexa,LiChrolut EN (500 mg) 
bisphenol-A; 
Polyeyelie Environmental 
aromatic GC-MS Multi-walled carbonphase [8] 
water 
hydrocarbons 


Table 1. Some recent examples about applications on off-line SPE 
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2.3. On-line SPE 


To meet the ever-growing demands for sensitivity, reliability and speed, the continuous 
development of more efficient methods for both sample pretreatment and analysis is crucial. 


SPE technique can be easily coupled on-line to high performance liquid chromatography 
(HPLC) and gaschromatography (GC) systems. On-line systems are beneficial when the 
amount of sample is limited, or when very high sensitivity is required. In most cases, even 
though the use of an automated on-line instrument is quite straightforward, experienced 
personnel are required for method development and eventual trouble-shooting. 


The strong differences among the solid phase extraction principle and the gas 
chromatography analysis made the on-line combination of SPE and GC more complicated. 


Nevertheless, the combination with GC has already been successfully applied in 
environmental analysis [“-4°]. In the on-line SPE-GC the analytes are trapped in a short 
column (10-20 mm~x1-4.6 mm i.d.) packed with a suitable stationary phase (typically C8, C18 
or styrene-divinylbenzene copolymer). The SPE procedures are essentially the same as the 
off-line ones. It involves conditioning of the SPE material before loading of the sample. Since 
water is not a good solvent for GC, primarily because it hydrolyses the siloxane bonds in GC 
columns causing deterioration of the column performance, the introduction of water directly 
to GC should be avoided. After trapping, and before elution of the analytes, the SPE column 
is often dried with a gas flow, or the extract is dried with a separate drying column packed 
with copper sulphate or silica to remove water, which is placed after the SPE column. The 
column can also be heated during the drying process, but this increases the risk of losing 
volatile analytes. The elution of the analytes is performed with a solvent suitable for the GC 
injector system. 


On the other hand, the methods which combine SPE with HPLC are the most frequently 
used in environmental and food analysis, mainly todetermine polar compounds in water 
solution. Different systems and configurations are available. The most commonly used 
approach involves the implementation of a small SPE column within the injection loop of a 
six-port rotary valve (Figure 2). 


After conditioning, sample application, and eventual clean-up by means of a high-pressure 
pump, the SPE column is placed in front of an analytical column by switching the valve into 
the “inject” position. A sample is thus loaded in this SPE column, whereupon the valve is 
switched in order to elute the analytes out of the sorbent by the LC mobile phase and 
transfer them into the analytical column [%]. The SPE column is reusable. However, the 
reusability can cause a progressive deterioration of the column material and thus, lead to a 
change in their selectivity and capacity. Moreover, the SPE column must be filled with a 
sorbent compatible with the sorbent of the analytical column which efficiently traps the 
analytes. The SPE column should be as small as possible in order to prevent band 
broadening. Usually, the dimension of stainless steel columns is 30 mm length, 2 mm i.d. 
and 8 mm length, 3 mm i.d. 


Current Trends in Sample Treatment Techniques for Environmental and Food Analysis 137 


HPLC PUMP HPLC PUMP 


y 


DETECTOR 


‘ 


DETECTOR 


LOAD SAMPLE ELUTE SAMPLE 
nd > 


SAMPLE INJECTOR SAMPLE INJECTOR 


(a) (b) 
Figure 2. Typical setup of an on-line SPE-LC system with a 2-position 6-port switching valve; (a) Load 
position and (b) injection position 


Recent advances in technology have made the Ultra High Performance Liquid 
Chromatography (UHPLC)/mass spectrometry (MS) system a perfect candidate for 
combination with on-line SPE. The on-line SPE-UHPLC/MS allows complete separation of 
high number of analytes via a single chromatographic run that takes few minutes. 


Gosetti et al. [5], applied an automated on-line SPE UHPLC-MS/MS method for the 
identification and quantification of nine perfluorinated compounds (PFCs) in matrices of 
environmental, biological and food interest. The SPE protocol was performed by using an 
anion exchange SPE column (Poros HQ column). The separation of nine PFCs was obtained 
within 7 min. The limits of detection (LODs) ranged from 3 to 15 ng L? whereas the limits of 
quantification(LOQs) from 10 to 50 ng L". 


The same authors performed a simultaneous determination of thirteen polycyclic aromatic 
hydrocarbons (PAHs) and twelve aldehydes in cooked food by means of an automated on- 
line SPE-UHPLC-MS. The resolution allowed the separation of four couples of PAH 
isomers. SPE treatment was made using Strata C18-E column and the extraction procedure 
was carefully optimized in order to apply the whole methodology to the analysis of 
different food matrices as salmon, frankfurter, steak, and pork chop, subjected to different 
cooking modes (smoked, grilled, cooked in oil or in butter). LODs values ranging from 0.028 
to 0.768 ug L for PAHs and from 0.002 to 0.125 ug L for aldehydes were obtained [*]. 


Previously, PAH, such as naphthalene, biphenyl, acenaphthene, anthracene and pyrene 
have been determined in natural water by using on-line SPE-HPLC-UV [#’]. Fluorocarbon 
polymer SPE sorbent was used. This application resulted in better extraction selectivity 
towards PAHs in comparison with several other sorbents and provided no additional peak 
broadening. Detection limits of method were established as 5 ng L"! (biphenyl), 7 ng L"! 
(anthracene), 8 ng L™ (acenaphthene), 30 ng L“! (pyrene), 40 ng L~! (naphthalene). 
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Gallart-Ayala et al. [8], used an automated on-line SPE fast LC-MS/MS method for the 
simultaneous analysis of bisphenol A (BPA), bisphenol F (BPF), bisphenol E (BPE), 
bisphenol B (BPB) and bisphenol S (BPS) in canned soft drinks without any previous sample 
treatment. SPE on-line pre-concentration was performed by using a C18 cartridge. The 
analysis of all compounds was accomplished in 3 min. Quality parameters of the method 
were established and the authors obtained a simple, fast, reproducible (RSD values lower 
than 10%) and accurate (trueness higher than 93%) method for the analysis of bisphenols in 
canned softdrinks at the ng L™ level using matrix-matched calibration. 


Finally, in the current year, Vega-Morales et al. [7] used an on-line SPE-UHPLC-MS/MS to 
characterize 27 endocrine disrupting compounds (norethindrone, norgestrel, 17-alpha- 
ethinyloestradiol, etc.) in sewage samples. SPE treatment was performed by using Oasis 
HLB columns (mixed-mode sorbent). The complete analysis of each sample required less 
than 4 min and provided satisfactory recoveries (72-110%) and limits of detection in the 
order of few nanograms per liter (0.3-2.1 ng L"). 


3. Molecularly imprinted polymers (MIPs) 


Molecularly imprinted polymers (MIPs) are cross-linked, synthetic polymers with an 
artificially generated three-dimensional network able to specifically rebind a target analyte, 
or a class of structural analogues [']. The principle is that a polymer network is obtained by 
polymerizing functional and cross-linking monomers around a template molecule. 
Subsequent removal of the template leaves a cavity with specific recognition sites 
complementary in shape, size and functional groups to the target analyte (Figure 3). These 
recognition sites can specifically bind target compounds in a similar way that antibodies 
specifically bind to an antigen, with the advantages of being very selective without suffering 
from stability problems associated to biological receptors [*]. All these aspects, together 
with the fact that MIPs synthesis is also relatively easy and cheap when compared with the 
purification procedure of natural antibodies, have led to a considerable growth of interest in 
the use of MIPs in several analytical techniques and applications. 


Over the last 15 years, MIPs have been successfully applied as stationary phase on liquid 
chromatography, solid-phase extraction, micro-extraction, capillary electrochromatography, 
immunoassay determinations, and chemical sensing, with an almost exponential increase in 
the number of publications [5°]. However, it should be pointed out that even if the interest in 
the area is relatively new, the concept itself has a long history. The earliest documents 
describing conceptually similar approaches had first been published in the early 1930s [*"]. 
Nonetheless, today's concept of molecular imprinting technology started back in 1972 when 
the groups of Klotz and Wulff independently presented the first examples of synthetic organic 
polymers with predetermined ligand selectivities. In both of these studies, MIP synthesis was 
based on a covalent linkage of the template molecule to the monomers prior to polymerization. 
Later on, in the early 1980s, the group of Mosbach has reported for the first time a general non- 
covalent approach for producing organic imprinted polymers [5]. This important 
development has broadened the scope of molecularly imprinting polymers, improving 
considerably the versatility and the number of possible applications for this type of materials. 
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Figure 3. Schematic representation of non-covalent molecular imprinting procedures: (1) complex 
formation between the template (methacrylic acid) and the functional monomers (estriol), (2) 
polymerization, (3) template extraction, (4) analyte rebinding. 


3.1. Applications of MIPs to SPE 


Out of all the MIPs applications, the use of MIPs as selective sorbents for solid-phase 
extraction (MIP-SPE) represents the most important application area in the field of 
analytical separation sciences [*]. Solid-phase extraction (SPE) is a well-established 
method routinely used for clean-up and pre-concentration of analytes in a wide range of 
environmental, pharmaceutical, agricultural and food analysis [']. Nevertheless, sorbents 
used in conventional SPE often lack selectivity resulting in co-extraction of interfering 
matrix components. Therefore, specificity, selectivity and sensitivity together with high 
extraction efficiency can be obtained using sorbents based on molecularly imprinted 
polymers (MIPs) [8]. 


To assess the potential of MIPs in terms of selectivity, we have compared the ability of MIP- 
SPE for selective extraction of zearalenone from cereal sample extracts with that of a 
commercial immunoaffinity column (IAC). Figure 4 shows the similarity of the behavior of 
these two types of selective sorbents, resulted in high degrees of clean-up. In both cases, 
very reliable baselines and similar recoveries were obtained, proving that the high 
selectivity of immunoaffinity sorbents also can be achieved with molecularly imprinted 
polymers SPE. Furthermore, previous studies have found MIP-SPE to have a similar 
selectivity but a higher capacity than commercial IAC columns [*]. 


139 


140 Chromatography — The Most Versatile Method of Chemical Analysis 


mVolts 
mVolts 


Minutes Minutes 


Figure 4. HPLC-FLD chromatograms of wheat sample spiked with ZON at level of 100 ugkg™ after 
extract clean-up with (—) MIP-SPE (AFFINIMIP® SPE ZEARALENONE; Polyintell) and (—) 
immunoaffinity column (IAC). 


These aspects are highly attractive for matrix clean-up, enrichment and selective extraction 
of analytes in difficult samples that are very common to food and environmental analyses. 
Hence, several examples of MIP-SPE applications have been described in the literature, as 
exemplified in Table 2, which presents a selection of the most recently published scientific 


research. 


Compounds Sample Analysis hehe Rare Analytical features |Reference 
‘0. 
Food Analysis 
Sudan I Chilli Sauce _ [HPLC-UV 87.5 to 103.4% [LOD 23.3 ug kg? [°°] 
Guana [Oo MISPE-FLD |92.1t0104% |LOD>1.2ngmL* [7] 
Samples 
Domoic acid eet HPLC-PDA 93.4t096.7% |LOQ>0.1mg L* [>] 
Samples 
: Tea, Cocoa, |HPLC-PDA- . = 
Catechins Grape FL 50 to 100% - [°*] 
Zearalenone ae HPLC-UV 82 to 90% -- [*] 
Samples 
Mycophenolic . HPLC-MS- 7 LOD 20.17 ug kg a 
acid ere MS eee LOQ 2 0.57 ug kg! Ml 
Tetracycline ‘ 4 , 
‘AnGhioGes Egg Samples |HPLC-PDA 91.6 to 107.6% |LOQ 20.8 ng g [°] 
Milk and 
; é 5 LODz2 0.003 ug mL e 
Thiamphenicol /Honey HPLC-PDA 192.9 to 99.3% LOD > 0.002 pg [*"] 
Samples 
Environmental Analysis 
Ultrapure, 
Tap, 
LOD 2 2. LA 
Bisphenol A Drinking, HPLC-FLD — |84.7 to 93.8% ae ae . PS es [**] 
River Water Soba 
Samples 
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ee — SP IUHPLC-MS- 48 id06%-- Eee eee [°] 
MS LOQ 2 14.9 ng L? 
Estrogens Samples 
Pyrethroid Aquaculture LOD 2 16.6 ng L! 
ace: ae sedis Pee Oa LOQ = 55.3 ne L! "I 
Wastewater 
oo and Soft HPLC-PDA [89.1 to 101.3% |LOD20.09%5 ugLt | [4 
Samples 
River and 
WWTP 
Levonorgestrel influent and |HPLC-UV 79.9 to 132.7 %_ |-- [*] 
effluent 
samples 
Soil Samples, 
Methamidophos ee BYetIGCNPD —|95.4t096.1% {o> ee a [| 
Samples 
Aqueous 
Dibutyl Phthalate |Environment |GC-MS 94.7 to 101.9% |LOD 25.49 ng L" [7] 
Samples 
Atrazine aueoUs 
at Environment |HPLC-PDA_ |94to99% LOD 2 80 ng L" [%] 
Herbicide 
Samples 
Water, Soil, 
Chlorsulfuron and Wheat HPLC-UV 82.3 to 94.7% -- [*] 
Plant Samples 
Soil and 
Parabens Sediment HPLC-UV 80 to 90 % LOD <1 ng g? [7] 
Samples 
Fluoroquinolone |Water . : 
Rit : HPLC-FLD {62 to 102% LOD 2 1 ng L* [7] 
antimicrobials Samples 


Table 2. Some recent applications of MIP-SPE in food and environmental analysis. LOD= Limit of 


detection; LOD= Limit of quantification 


Regarding the analytical method, MIP-SPE procedure is based on the same main four steps 
as conventional SPE such as pre-conditioning of the sorbent, sample loading, interferences 
wash step and elution of the target compounds. Therefore, to obtain optimal recovery rates 
and selectivity, each step of the extraction procedure must be properly optimized. 


MIP-SPE can be basically used in both the reversed phase and normal phase modes. In the 
normal phase approach, the sample is usually percolated though the MIP-SPE column using 
the same solvent that was used as porogen for the MIP synthesis. Under this condition, the 
target analyte develops specific interactions with the monomer residues present in the 
polymer cavities, resulting in selective adsorption and molecular recognition by MIP due to 
the well-known solvent “memory” effect [4]. 
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Nonetheless, in some common situations, a loading step based on direct percolation of 
aqueous sample through the MIP-SPE cartridge is highly desirable since most 
environmental or biological samples exist in an aqueous matrix [7!]. Under this reversed- 
phase condition, the target analytes as well as non-polar interfering compounds are mainly 
retained by non-specific hydrophobic interactions. Thus, to generate specific interactions 
between the target compounds and the MIP and to disrupt the non-specific interactions 
between the residual monomers located at the surface of the polymer and matrix 
components, a selective washing step using low-to-medium polarity organic solvents, such 
as dichloromethane, chloroform, toluene or acetonitrile, is usually required [*]. It should be 
pointed out, however, that in some cases this selective washing step can be problematic 
because of the low polarity of common solvents used, which may give rise to miscibility 
problems and/or losses of the analyte [**]. Consequently, a drying step prior to this organic 
washing process becomes mandatory [8]. 


Once matrix interferences are removed, the analytes can be eluted from the column with a 
pure solvent, solvent that contains a small amount of modifier such as acetic acid or a 
combination of solvents with different polarities that must possess an elution strength 
sufficiently high to disrupt the specific interactions of the target analytes with the polymer, 
in minimal elution volumes. 


As example of the successful application of a MIP-SPE compatible with aqueous samples, 
Figure 5 shows the HPLC-FLD chromatogram (red line) corresponding to the injection of 
the elution fraction obtained after the purification of 100mL of Seine river water spiked with 
0.5 ng mL of 17f-estradiol. 
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fmm After MIP clean-up 
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Figure 5. HPLC-FLDchromatograms obtained after extracts clean-up with MIP-SPE (AFFINIMIP® SPE 
Estrogens; Polyintell) of 100mL of Seine water spiked at 0.5 ng mL" with 176-estradiol (—) andbefore 
MIP clean-up(—). 
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The chromatogram obtained (red line) clearly illustrates the efficiency of the MIP-SPE 
procedure (extraction rate of about 90%) and the advantages of both the concentration and 
sample clean-up with very low background and no interferences close to the retention time 
of 17B-estradiol. As a result, the use of such kind of selective sorbent allowed the successful 
detection of estradiol present at very low concentration without the need for a more 
selective and sensitive method of data acquisition such as mass spectrometry (MS) 
detection. 


Regarding different operation modes, MIP-SPE has been used both in on-line and off-line 
modes prior to various detection techniques. Most of the MIP-SPE applications reported so 
far have been developed in the off-line mode because of its simplicity, ease-of-use and high 
flexibility. In addition, the drying step required in most of the off-line procedures is not 
compatible with on-line operations. Nonetheless, in the last years, there has been a 
considerably increase in the number of applications that use MIPs as sorbent for on-line SPE 
because provides higher pre-concentration factors with reduced analysis time and sample 
manipulation. 


In the off-line mode, MIP-SPE has been applied for the selective extraction and pre- 
concentration of a wide range of analytes, such as mycotoxins in cereal samples [*], 
thiamphenicol in milk and honey samples [*], domoic acid from seafood [5%], ofloxacin and 
lomefloxacin in chicken muscle [”], pyrethroid insecticides in aquaculture seawater [63] and 
parabens in soil and sediment samples [”]. Furthermore, MIP-SPE has been applied not only 
for the extraction of single target analyte but also for the simultaneous isolation of a class of 
structurally related compounds such as catechins or estrogens from real samples [°°]. Luo et 
al. [*], developed a sensitive and selective off-line MIP-SPE based method to determine five 
water-soluble acid dyes in wastewater and soft drink samples. The precision and accuracy 
of the method were satisfactory and it gave average recoveries between 89.1 and 91.0%. Ina 
similar way, Qi et al. [%], prepared a MIP by conventional bulk polymerization for the 
extraction of levonorgestrel from water samples. The synthesized MIPs not only displayed 
high specific recognition for levonorgestrel (recoveries>79%), but also showed high cross- 
reactivity values for structurally related contraceptive drugs, suggesting that MIPs could be 
used as broad specific recognition absorbent. 


On-line MIP-SPE protocol has been successfully used to extract benzimidazole fungicides in 
water samples [75], ochratoxin A in wheat samples [5’], and bisphenol A in environmental 
water samples [“]. An automated on-line SPE using microspherical monodispersed 
molecularly imprinted particles coupled to HPLC-fluorescence detector was successfully 
applied to the simultaneous multi-residue analysis of six fluoroquinolone antimicrobials 
(enrofloxacin, ciprofloxacin, norfloxacin, levofloxacin, danofloxacin, and sarafloxacin) in 
water samples [7]. In this work, polymer particles prepared via precipitation polymerization 
were used as SPE sorbent. High recoveries with good precision (RSDs <5%) were obtained 
for the different fluoroquinolones tested, with values ranging from 91 to 102% in drinking 
and fish farm water samples. The detection limits were between 1-11 and 1-12 ng L" for 
drinking and fish farm water samples, respectively. 
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On-line MIP-SPE pre-concentration methodology has also recently been used by Jing et 
al.[°], for the determination of trace tetracycline antibiotics (TCs) in egg samples. This 
approach affords high-throughput analysis (18 min per sample), and also provides high 
sensitivity and selectivity with recoveries ranging between 91.6 and 107.6%, showing that 
efforts should continue to be made in this promising research area. 


4. QUEChERS 
4.1. QUEChERS procedure 


The need for a simple, rapid, cost-effective and multi-residue method able to provide high 
quality of analytical results led Anastassiades et al. to develop in the years 2001 and 2002 a 
new sample treatment method called “QuEChERS”. Initially, the methodology was 
developed for the analysis of veterinary drugs (anthelmintics and thyreostats) in animal 
tissues, but after realizing its great potential in the extraction of polar and particularly basic 
compounds, it was also tested with great success on pesticide residue analysis in plant 
material. The detailed method was first published in 2003 [*]. 


QuEChERS, acronym of “Quick, Easy, Cheap, Effective, Rugged and Safe”, is a sample 
preparation technique entailing solvent extraction with acetonitrile and partitioning with 
magnesium sulfate alone or in combination with other salts followed by a clean-up step 
using dispersive solid-phase extraction (d-SPE). This last step is performed by adding small 
amounts of bulk SPE packing sorbents to the extract. This procedure has attracted the 
attention of pesticides laboratories worldwide and it is the most commonly employed 
sample treatment methodology for the multi-residue analysis of pesticides in fruits and 
vegetables [?17°*°]. But today, this methodology is not limited to the analysis of pesticides 
and its use for the extraction of other families of compounds is tremendously increasing. 


The different steps on a typical QUEChERS procedure for the multi-residue analysis of 
pesticides are shown in Figure 6. 


1- Weigh 10 g of Sample (50 mL Teflon tube) 
2-Add 10 mL of Acetonitrile (shake vigorously 1 min) 


3-Add 4g of MgSO, and 1 g NaCl (shake vigorously 1 min) 


4- Add Internal Standard (shake 30 s and centrifuge) 


5 - Take aliquote and Add MgSO, and d-SPE sorbent 
(shake 30 s and centrifuge) 


6 — Take aliquote and Analyze (typically GC-MS or LC-MS) 


Figure 6. Schematic view of a typical analytical QUEChERS procedure for the analysis of pesticides as 
described in [7°]. 
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The idea of the QuEChERS procedure was to reduce complicated, laborious and time- 
consuming multi-residue sample treatment methods that required high amount of solvents 
and were therefore expensive. Moreover, some basic, acidic and very polar compounds 
cannot be satisfactorily extracted with common multi-residue methods. Thus, in order to 
cover all these analytes, laboratories have to perform specific analysis, andas a consequence, 
some of these compounds were not being monitored. 


The first two steps of a typical QUEChERS procedure consist in weighing an appropriate 
amount of sample previously processed and homogenized (for instance 10 g) in a 50 mL 
Teflon tube (Step 1) and the addition of a solvent for the extraction (Step 2), in general 
acetonitrile, although the use of other organic solvents such as acetone, THF or ethyl acetate 
have been described [*']. 


Then, an extraction-partitioning step takes place by the addition of magnesium sulfate alone 
or in combination with other salts, generally sodium chloride (Step 3). Acetonitrile is the 
recommended solvent for QuEChERS because, upon the addition of salts, it is easily 
separated from water than, for instance, acetone. Ethyl acetate has the advantage of a partial 
miscibility with water but it can also co-extract lipids and provides lower recoveries during 
the dispersive SPE. The extraction of lipophilic materials is lower with acetonitrile but this 
solvent can form two phases with water when samples with high sugar content are 
manipulated [7°]. The addition of salts in Step 3 helps to induce the phase separation. This 
salting-out effect also influences analyte partition, which of course is also dependent upon 
the solvent used for extraction. The concentration of salt can also influence the percentage of 
water in the organic phase and can play an important role in adjusting its polarity. 
Magnesium sulfate acts as a drying salt to reduce the water phase, thereby helping to 
improve recoveries by promoting partitioning of the pesticides (or other target compounds) 
into the organic layer while sodium chloride helps to control the polarity of the extraction 
solvent. With this, a single extraction-partitioning step is carried out (similarly to an “on- 
line” approach) which simplifies the necessity of multiple partitioning steps required in 
other multi-residue methods. Moreover, this extraction-partitioning step is produced by 
shaking vigorously for a few minutes, thus preventing more time-consuming steps such as 
sample blending. At this point, internal standards can be added to the system if necessary 
(Step 4), followed by shaking again the solution and a centrifugation step that help to 
separate salts. The use of internal standards can minimize the error generated in the 
multiple steps of the QUEChERS method. Sometimes the use of more than one internal 
standard is recommended especially with samples with high fat content because the 
excessive fat can form an additional layer into which the analytes can also partition [*]. 
Another advantage of QUEChERS procedure is the fact that, once the extraction-partitioning 
step is carried out, an aliquot of the extract is used for the next steps, minimizing also the 
separation or the transfer of the entire extracts frequently employed in other multi-residue 
methods. 


Then, a dispersive solid-phase extraction (d-SPE) clean-up procedure is carried out with an 
aliquot (for instance 1 mL) of the extract which is placed in a vial containing again 
magnesium sulfate and small amounts of bulk SPE sorbent materials (Step 5). The vial is 
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then shaken vigorously or mixed on a vortex mixer to distribute the SPE material and 
facilitate the clean-up process. This d-SPE step is quite similar to matrix solid-phase 
dispersion developed by Barker [** **], but in d-SPE the sorbent is added to an aliquot of the 
extract rather than to the original solid sample. Moreover, small amounts of sorbents are 
used because only a small portion of the extract is subjected to the clean-up procedure, and 
compared to conventional SPE clean-up methods, d-SPE is less laborious and time- 
consuming. Magnesium sulfate is again used in this step as a drying agent to remove water 
and improve analyte partitioning to provide better clean-up. Primary secondary amine 
(PSA) is the most common SPE sorbent used in QUEChERS procedure for pesticide analysis. 
The idea is to use a sorbent able to retain matrix components,but not the analytes of interest. 
However, depending on the sample matrix, other SPE sorbents can also be used alone or 
combined with PSA, such as C18, OASIS HLB, and graphitized carbon black sorbents. For 
instance, for samples with high fat content, PSA mixed with C18 is recommended [*°] while 
for samples with moderate or high levels of chlorophyll and carotenoids (for example 
carrots), PSA mixed with graphitized carbon black is frequently used [6***]. After the clean- 
up, the extract is centrifuged and an aliquot of the supernatant can be concentrated or 
directly analyzed usually by means of Gas Chromatography-Mass Spectrometry (GC-MS) or 
Liquid Chromatography-Mass Spectrometry (LC-MS) techniques (Step 6). 


Although QuEChERS is quite a simple procedure as can be seen from Figure 8, in some 
cases method development will be necessary depending on the family of compounds to be 
analyzed, and many modifications over the QUEChERS procedure are being proposed. At 
the end, compromises will be required to ensure simplicity, speed, broad applicability, high 
recovery and selectivity. For instance, the control of pH in the extraction step is animportant 
factor when analyzing pesticides in order to ensure an efficient extraction of pH-dependent 
compounds such as phenocyalcanoic acids and to minimize degradation of labile pesticides 
under alkaline or acidic conditions. Buffering with citrate salts has been introduced in the 
first extraction/partitioning step to adjust the pH at around 5 where most labile pesticides 
under acidic or alkaline conditions are sufficiently stabilized. The pH control can also be 
very important in other steps of the QUEChERS procedure to prevent degradation of some 
compounds. For instance, to improve the stability of alkaline-labile compounds after the 
PSA clean-up step the final sample extract is slightly acidified by the addition of small 
amounts of formic acid. Of great importance was the introduction of acetate buffering to 
achieve a pH value of 6 in order to improve recoveries of pH-dependant analytes [*]. This 
approach resulted in the official method AOAC 2007.01. 


The use of analyte protectants is also often proposed as an optional step previous to GC 
analysis for those compounds that might tail or breakdown on the capillary GC column 
interior surfaces, on the inlet liner or on the guard column. A combination of sorbitol, 
gulonolactone, and ethylglycerol was found to be the most effective analyte protectant to 
cover the whole range of pesticide compounds []. The hydroxyl groups of these protectants 
can interact with active sites on the chromatographic column and in the flowstream and 
enhanced the pesticide analyte response. Those protectants are of course not required when 
LC methods are employed for analysis. 
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4.2. Applications of QUEChERS 


As commented before, QUEChERS procedure is the sample treatment of choice for the 
multi-residue analysis of pesticides in fruits and vegetables, and many works can be found 
in the literature dealing with the simultaneous extraction and clean-up of more than 100 
pesticides with acceptable recoveries [7’”7950°!]. As an example, Woo Lee et al. developed a 
new QuEChERS method based on dry ice for the determination of 168 pesticides in paprika 
[°']. For this purpose, extraction was carried out by using 30 mL of acetonitrile and 10 mL of 
water, and approximately 10 g of dry ice granules were poured and maintained until layer 
separation. Clean-up was then carried out by using PSA and GCB sorbents. The separation 
of the sample extract was induced via the sublimation of dry ice, which occurs at -78.5°C at 
atmospheric pressure (1 atm). After some minutes of dry ice sublimation with the sample 
extract, the reduced temperatures of acetonitrile and water ranged from -4.0 to -5.0 °C and 
from -6.0 to -6.5 °C, respectively, and water was then iced and super cooled. The negative 
temperatures of the two solvents may reduce their entropies and allowed them to separate. 
As densities of ice and supercooled water were heavier than that of acetonitrile at 0°C, water 
changed to ice and the supercooled water was separated with an acetonitrile layer from the 
mixed solution. This methodology improved the extraction for flonicamid and _ its 
metabolites which was not satisfactory enough using citrate-buffering QUEChERS method. 


Recently, the use of carbon-based nanoparticles has also been described as clean-up sorbent 
for the analysis of pesticides [1°]. In this work, multi-walled carbon nanotubes (MWCNTs) 
were proposed as reversed-dispersive solid phase extraction (r-DSPE) material for the 
analysis of 30 pesticides in fruits and vegetables. The amount of MWCNTs influenced the 
clean-up performance and the recoveries, but the use of only 10 mg MWCNTs was suitable 
for cleaning up all analyzed matrices and showed to be a good alternative to PSA sorbent. 
The method was validated for different matrices such as spinach, orange and cabbage with 
recoveries in the range of 71-100% for all 30 pesticides. QUEChERS has also been proposed 
for the extraction and clean-up of pesticide residues in other food matrices such as milk [*]. 
In this last work, recovery of 14 different pesticides residues in milk was investigated to 
respect the amounts of sodium acetate, PSA and Cis used on the clean-up step. Recoveries 
for hydrophilic pesticides such as myclobutanil ranged from 82 to 99% while lower values 
(<80%) were obtained for lipophilic pesticides because they were partially removed by Cis 
along with other fatty compounds. 


But today, one of the most important features of QUEChERS may be its application to other 
families of compounds in a variety of matrices different than fruits and vegetables. Some 
examples of the use of QUEChERS for the extraction of compounds other than pesticides are 
given in Table 3. QUEChERS methodology has already been applied to the analysis of 
polycyclic aromatic hydrocarbons (PAHs) in fish and shrimp samples [°°]. Forsbeg et al. 
developed and validated a modified QUEChERS method for the determination of 33 parent 
and substituted PAHs in high-fat smoked salmon that greatly enhanced analyte recovery 
compared to traditional QUEChERS procedure [%]. For this purpose, a mixture of acetone, 
ethyl acetate and isooctane instead of acetonitrile was employed for the extraction, and 
different kinds of salts were used for partitioning. The proposed modified QUEChERS 
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QuEChERS procedure 


wine) 


Compounds Sample : ae Analysis | Reference 
Extraction-partitioning | Clean-up 
2 mL acetone:ethyl 
acetate:isooctane (2:2:1 
v/v/v) 
+6g MgSOQi+ 1.5 g 
NaC2H3O2 150 mg 
Pol lic A tic |High-Fat 
ee cea ct 2 mL acetone:ethyl MgsO:+50 |GC-MS [*] 
Hydrocarbons Salmon ; 
acetate:isooctane (2:2:1_ |mg PSA 
v/v/v) 
+4 g¢ MgSOs+ 1 g NaCl + 
1g NaCsH7Or + 0.5 g 
NazCeHsOs 
5 ml of hexane (only for 
hi : 
igh fatty matrices) + 10 |150 mg LC-MS or 
Acrylamide Foodstuffs |mL water + 10 mL MgsOs + 50 [*] 
et, GC-MS 
acetonitrile mg PSA 
+4 MgSO + 0.5 g NaCl 
. 10 mL acetonitrile (1% 
ene a | Ve acetic acid) +10 mL 0.1. |-- Se [>] 
ee M NaEDTA solution + 
pre-frozen 
aks ee 10 mL acetonitrile + 10 ees C 
= sr oecieans Euan eerie 1 aa 
‘2 Fish tissue |g NaCl +0.5 sodium 8 é GC-MS [*] 
pesticides + 7 : aie chloride + 
; citrate dibasic + 1 g 
polyshlonnsted sodium citrate tribasic ae 
biphenyls (PCBs) MgsOs + 150 
mg PSA 
10 mL methanol:wat 
ner sia, eat eee (CTE OF LC 
1 toxi E , is HLB ? 2 
0 mycotoxins ges nddehe MesOei te a MS/MS [?] 
sodium acetate 
10 mL acetonitrile with 
1% acetic acid + 4 g 
Phytohormones Vegetables |MgSOs+1g NaCl+1g_ |-- on [7] 
sodium citrate + 0.5 
disodium citrate 
Packaged 
food 250 mg 
UV Ink 12 mL acetonitrile LC- ii 
Photoinitiators (peby. gad +49 MgSOs+ 1.5 g NaCl Meee MS/MS " 
fruit juices, mg PSA 


Table 3. Application of QUEChERS procedure for the extraction of different kind of analytes. 
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substantially improved average recovery of 15 PAHs by roughly 38% and led to individual 
gains of 50-125% for some PAHs such as naphthalene and anthracene among others when 
compared to traditional Soxhlet extraction with hexane. Acrylamide has also been extracted 
from various food matrices such as chocolate, peanut butter, and coffee [*]. An accurate 
determination of acrylamide in foodstuffs was possible using QuEChERS since the use of 
salt and the PSA sorbent increased the selectivity of the method by reducing the content of 
more polar matrix coextractives. Hexane was required for high fatty samples such as peanut 
butter. 


The extraction of veterinary drugs residues from animal tissues [*] and from milk [9591] 
has also been described. For instance in [%] the use of QUEChERS was proposed as a fast 
sample treatment for a rapid screening method in the identification of 21 veterinary drug 
residues in milk. In this case, 1% acetic acid in acetonitrile together with a 0.1 M NazEDTA 
solution was proposed as extraction solvent, using for partitioning magnesium sulfate and 
sodium acetate, but no further clean-up step was necessary to attain good results. The 
analysis of persistent organic pollutants (POPs) such as organochloride pesticides and 
polychlorinated biphenyls (PCBs) in fish tissues was recently reported using conventional 
QuEChERS procedure but with the addition of a pre-frozen step for 2 hours at -24°C (by 
means of a homemade freezing device) before the PSA clean-up step for removal of lipids 
[°°]. After this freezing step, between 60 to 70% of lipids were removed. The reduction of co- 
extractives increased up to 96% by treatment with calcium chloride and PSA. Extraction of 
mycotoxins and phytohormones from eggs ['?]and vegetables [°], respectively, has also been 
described using QuEChERS with no further clean-up steps, although in the case of 
mycotoxins a SPE clean-up step using C18 or Oasis HLB cartridges was sometimes 
proposed. An interesting application of QUEChERS was recently reported by Gallart-Ayala 
et al. for the analysis of contaminants migrating into food from food packaging materials 
[!']. In this case, the extraction of UV Ink photoinitiators such as benzophenone and 
isopropylthioxanthone (ITX) in several foodstuffs (baby food, fruit juices and wine) 
packaged in tetra brick containers was performed using a common QuEChERS procedure 
with PSA sorbent for clean-up. The extraction method proposed showed comparable results 
in terms of method limits of quantification, run-to-run and day-to-day precisions, and 
quantification results than a previous SPE method reported for the analysis of ITX, with the 
advantage of being 12 times faster (per sample). 


Summarizing, QUEChERS approach appears to have a bright future not only for the analysis 
of pesticide residues in foods and other agricultural products but also for the analysis of 
different families of contaminants either in food or even in other matrices. For instance, 
QuEChERS has also been proposed in environmental analysis for the extraction of 
chlorinated compounds from soil samples [!°']. The simplicity of its use and the great range 
of modifications that can be applied, make QuEChERS an ideal extraction procedure to 
think about when dealing with the extraction of any kind of analytes, and the number of 
publications using QUEChERS will considerably increase in the future. 
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5. Turbulent-flow chromatography (TFC) 


For a long time the determination of small drug molecules in biological fluids was a very 
challenging task due to both the complexity of biological samples and the requirement of 
long chromatographic separations because of the presence of endogenous interferences. The 
recent implementation of automated on-line extraction procedures has allowed fast sample 
clean-up in bioanalytical applications, and turbulent-flow (or TurboFlow) chromatography 
(TFC) appears as one of the most interesting ones in this area [101]. 


The on-line set-up for a typical TFC-LC-MS method is shown in Figure 7. TFC methods are 
based on the direct injection of biological samples without previous extraction or any 
treatment into a column packed with large particles. These large particles could have some 
stationary phase bonded to them, adding an additional selectivity to the extraction procedure. 
Once the sample have been injected (Figure 7a) onto a TurboFlow column, an extraction 
solution is pumped into the column at a high flow rate (between 1.5 to 5.0 mL min‘) 
generating turbulent flow conditions inside the column (Figure 7b). In general, 100% aqueous 
mobile buffers are used for this purpose. Under these conditions, small analyte molecules are 
retained via diffusion processes into the particle pores, while big molecules such as proteins 
are washed out from the column. In this way, the compounds of interest are extracted from the 
biological matrix and then eluted from the TurboFlow column onto the analytical column with 
a volume of solvent which was stored in a holding loop or pumped directly from the 
chromatographyic LC system (Figure 7c). In general organic mobile phases or pH buffered 
solutions are used for the elution of the compounds of interest depending on the 
chromatographic separation used after extraction, but the elution volume must be at least ten 
times that of the TurboFlow column in order to guarantee a complete elution. The analytes are 
released from the TurboFlow column at a considerably lower flow rate than the one used 
during extraction into the analytical system where they are mixed with the chromatographic 
mobile phase and introduced into the chromatographic column, being focused into a sharp 
band at the head of the HPLC column.When the transfer of analytes is complete, the 
TurboFlow column could be washed for the next extraction while a regular gradient or 
isocratic elution is taking place in parallel on the analytical column. The optimization of the 
different on-line extraction steps is crucial and parameters like mobile phase composition, flow 
rates and extraction time windows will affect recovery or extraction efficiency in general. 


The theory of turbulent flow in open tubes has been discovered and studied for decades. 
Nevertheless, its application to LC packed columns was only patented in 1997 ['°]. The 
challenge at the moment was to design a chromatographic platform using turbulent flow 
properties to isolate small analytes from macromolecules present in complex matrices such 
as biological fluids. 


TFC has been used mainly in the handling of biological samples containing a large amount 
of proteins, such as blood plasma [!°”1°8]. For instance, Michopoulos et al. compared the use 
of TFC for the metabonomic analysis of human plasma with protein precipitation showing 
that TFC could be effectively used with the benefit that off-line sample handling was 
significantly reduced [!°7]. However, the analysis of the data obtained with TFC for human 
plasma revealed substantial differences in the overall metabolite profiles compared to 
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methanol-precipitated HPLC-MS, probably due to greatly reduced amounts of 
phospholipids (ca. 10 fold reduction) with TFC methodology compared to protein- 
precipitated samples. TFC seems to be also more efficient at removing proteins based on 
their size than restricted access media (RAM) or solid phase extraction (SPE) [1]. 
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Figure 7. On-line set-up of a typical TFC-LC-MS system. The position of the various valves to perform 
the sample clean-up and subsequent analysis of the samples is shown. a) Filling the sample loop; b) 
transfer from the sample loop to the TFC column followed by washing; c) elution from the TFC column 
to the Chromatographic column using gradient elution. 1) sample; 2) ASPEC system with a syringe 
pump; 3) sample loop (10 mL); 4) Waste; 5) HPLC Pump (4 mL min’); 6) TFC column; 7) Waste; 8) 
HPLC Pump (gradient); 9) HPLC column; 10) MS analyzer. Reproduced from [11]. 


TFC shows also a big potential in clinical applications, where the increased emphasis on both 
drug safety and translational biology, e.g. the need to understand how pre-clinical efficacy 
models are representative of human pharmacology, has considerably modified the 
expectations for what needs to be measured routinely in biological samples. Moreover, 
sometimes it is necessary to monitor in the same sample not only the drug levels but also its 
potential active/reactive metabolites as well as the biomarkers associated with the mechanism 
of action of the drug. Those biomarkers could span from a very small and polar compounds 
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such as a neurotransmitter to a very large and hydrophobic entity like fatty acids. So, amongst 
the key analytical challenges with biomarkers is generally the sampling procedure as well as 
the sample volume available. TFC has some intrinsic capabilities that facilitate the analysis of 
biomarkers and metabolites [1°]. First, it provides high sensitivity assays without the need for 
high sample volume. In addition, the on-line extraction approach removes the need for 
lengthy sample preparation procedures, hence reducing sample degradation issues frequently 
observed in biomarker analysis. As an example, Mueller et al. proposed a fully automated 
toxicological LC-MSn screening system in urine using on-line extraction with TFC [1°]. 


Very recently the use of TFC couple to tamdem mass spectrometry has been reported for the 
automated analysis of perfluorinated compounds (PFCs) in human hair and urine samples 
[!!2]. The method allowed the extraction and analysis of 21 PFCs with recoveries between 60 
to 105%. 


But today, TFC is being used in other fields of applications, such as food or even 
environmental analysis. Table 4 shows some examples of these TFC applications. 


Flow-rate / 
Compounds |Sample TFC column Injection Detection Reference 
volumne 
Cyclone HTLC, 50 x 0.5 15 mL min?/ 
Quinolones |Honey mm, 60 um (Thermo ; LC-ESI-MS/MS [3] 
‘ ie a 160 pL 
Fisher Scientific) 
Rt eee (Cae rN ati ty 
omonaeam (Ca Pl&r | vm, 50 jum (Thermo , LC-ESI-MS/MS | [4] 
and turkey, Fisher Scientific) 20 uL 
Ciprofloxacin) |rabbit) ie pesecearadnine 
Cyclone - Cyclone P 
: connected in tandem, ated 
ae Milk 50 x 0.5 mm, 60 pm = a min” / 11 C.ESEMS/MS | [5] 
uss (Thermo Fisher H 
Scientific) 
ee on oe ae - i. 4mL min'/ |LC-ESI-MS a 
= Beene omit: LC-APCL-MS 
resveratrol Scientific) 
50 x 1.0 mm, 50 um enh aniecty 
PFOS River water |C18 (Cohesive 1m. LC-APPI-MS EY] 
Technologies) 
: 50 x 1.0 mm, 50 um 4 
ae Wastewater |C18 SL (Cohesive ol LC-ESI-MS/MS [ee] 
infectives : 1mL 
Technologies) 
Surface, 50 x 1.0 mm, 35 um ; 
ie w4 de : 5mL min'/ |LC-APPI- ae 
Pesticides dninkng Oasis HLB 10 mL MS/MS [15] 
water (Waters) 


Table 4. Relevant examples of the application of turbulent flow chromatography. 
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In a recently published review dedicated to sample preparation methodologies for the 
isolation of veterinary drugs and growth promoters from food, Kinsella et al. described 
turbulent flow chromatography as a technique that eliminates time-consuming sample 
clean-up, increases productivity and reduces solvent consumption without sacrificing 
sensitivity [11]. Food matrices have a high content of fat and proteins, which makes TFC an 
ideal sample treatment technique for the determination of a specific class of contaminants in 
various matrices such as honey, tissues and milk [!!”]. Some examples are described in the 
literature concerning the determination of veterinary drugs such as quinolones in honey and 
animal tissue ['5-4]. For instance, turbulent flow chromatography coupled to LC-MS/MS was 
proposed for the quantitative high-troughput analysis of 4 quinolones and 12 
fluoroquinolones in honey [']. The manual sample preparation was limited to a simple 
dilution of the honey test portion with water followed by a filtration. The extract was then 
on-line purified on a large particle size TFC column where the sample matrix was washed 
away while the analytes were retained. Recoveries of 85-127% were obtained, while matrix 
effects were still observed which led to the use of standard addition for calibration. The 
proposed methodology has also shown good robustness, with over 400 injections of honey 
extracts without any TFC column deterioration, with the consumption of 44 mL of solvent 
per sample. The authors described that TFC showed a strong potential as an alternative 
extraction and clean-up sample method compared to those making use of off-line sample 
preparation, in terms of both increasing the analysis throughput and obtaining higher 
reproducibility linked to automation to ensure the absence of contaminants in honey 
samples. In the case of animal tissues TFC was used for sample preparation in the analysis 
of two quinolones (enrofloxacin and its metabolite ciprofloxacin) ['4]. Sample was extracted 
with a mixture of acetonitrile/water 1:1 acidified with 0.01% formic acid. Mean recovery 
rates for the tissues of the different species (cattle, pig, turkey and rabbit) were in the range 
of 72-105% in a run time of only 4 min. 


Presta et al. [!!'] described the use of TFC coupled to LC-MS for the determination of 
flavonoids and resveratrol in wines. 10 mL of sample (diluted wine) was passed over the 
TFC column, after which the retained analytes were separated by reversed-phase LC. The 
method proved to be fast, non-laborious, robust and sensitive. 


Turboflow chromatography has also been described for sample treatment in the screening of 
eight veterinary drugs in milk [!5]. Protein precipitation was induced before analyzing 
samples of whole, skimmed and semi-skimmed milk samples. While matrix effects — ion 
suppression and enhancement — were obtained for all analytes, the method has proved to be 
useful for screening purposes because of its sensitivity (0.1 to 5.2 ug L"), linearity and 
repeatability (RSD < 12%). As an example, Figure 8 shows the chromatographic separation 
of a non-fat milk sample spiked with target veterinary drugs and analyzed by TFC-LC-(ESI)- 
MS/MS. 


This sample treatment technique has also been applied successfully to environmental 
samples. For instance, anti-infectives analysis in wastewater has been reported with good 
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recovery (86-141%) and limits of quantification (45-122 ng L") ['4]. Signal distortion, 
represented as matrix effect, was still observed probably due to the fact that small 
molecules (bellow 1000 Da) present in wastewater samples will have affinity for the 
stationary phase and will not be completely removed in the clean-up step. Takino et al. 
have minimized the matrix effect observed by using atmospheric pressure 
photoionization (APPI) instead of electrospray (ESI) as ionization source [15]. In this case, 
a simple, fast and sensitive LC/APPI-MS method, with automated on-line extraction using 
TFC was developed for the determination of perfluorooctane sulfonate (PFOS) in river 
water. TFC columns packed with organic polymers or graphitized carbons were also 
found to be highly capable for enrichment of trace pesticides from drinking and surface 
water samples [15]. 
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Figure 8. Representative SRM chromatograms of a non-fat milk sample spiked with the mixture of 
antibiotics standards at 100 ug L" level and analyzed by TFC-LC-(ESI)-MS/MS. Reproduced from [15] 
with permission from Springer. 


In summary, turbulent flow chromatography appears as a very useful approach for sample 
treatment because it possesses greater efficiency in removing proteins based ontheir size 
than restricted access media or SPE procedures and combines high-throughput and high 
reproducibility by means of separating analytes from various matrices with reduced sample 
handling. The advantages of this sample extraction and clean-up procedure is 
unquestionable in bioanalytical applications, and although not many applications in other 


Current Trends in Sample Treatment Techniques for Environmental and Food Analysis 


fields such as food and environmental analysis are yet available, it will surely become a very 
useful method in the area of food analysis, especially in matrices with a high content of fat 
and proteins such as milk. 


6. Conclusion 


There is an increasing demand for high-throughput chromatographic separations in food 
and environmental analysis where highly heterogeneous and difficult matrices may be 
analyzed. Despite the important advances in chromatographic separations, food and 
environmental matrices are very complex samples, and sample extraction and clean-up 
treatments are usually required. Therefore, sample treatment is still one of the most 
important parts of whole analytical method and effective sample preparation is crucial in 
achieving accurate analytical results. Food and environmental analysis generally requires 
several steps such as extraction from the sample of interest, removal of co-extracted matrix 
components, analytes enrichment and their subsequent quantification. Thus, the availability 
of robust, sensitive, selective and rapid analysis methods is of primary importance. The 
most recently introduced sample treatment methodologies in food and environmental 
applications have been discussed in this chapter, such as on-line SPE methods, QUEChERS, 
MIPs as selective sorbents for SPE, and the use of turbulent-flow chromatography. 


On-line SPE is a viable and increasingly popular technique used to improve the sample 
throughput by reducing sample preparation time and overcome many of the limitations 
associated with the classical off-line SPE procedure. 


For sensitive and selective determination of compounds in very complex matrices, the use of 
polymers with recognition sites able to specifically bind a particular substance or a group of 
structural analogues has attracted increase attention due to their outstanding advantages, 
ie., high specificity, selectivityand capacity. 


QuEChERS appeared as satisfactory, simple, rapid and inexpensive sample extraction and 
clean-up multi-residue methods especially employed in the analysis of pesticides. However, 
this methodology is also being successfully employed for the extraction of other families of 
compounds in food and environmental matrices such as acrylamide, mycotoxins, PAHs and 
chlorinated compounds. 


The use of turbulent-flow chromatography represents a highly attractive and promising 
approach for removing proteins based on their size better than RAM or SPE procedures. 
TFC has been satisfactory applied to the direct analysis of complex matrices with reduced or 
without any sample manipulation and, even not many applications in food and 
environmental samples are yet available, it will become a very useful method due to its 
great potential for the analysis of protein- and fat-rich matrices. 


Finally, future developments in all areas of analytical sample preparation are expected to 
continue in order to improve accuracy, sensitivity, specificity, and reproducibility of the 
sample treatment technique together with reduced analysis time and sample manipulation. 
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1. Introduction 


Feed additives have been widely used in animal nutrition. Recommendations concerning 
using feed additives, their categories and the description of requirements related to such 
additives can be found in the regulation (EU) No 1831/2003 [1]. Detailed regulations oblige 
the entities launching feed additives on the market to specify the methods used to analyse 
active substances of additives for the needs of official feed control. Official feed control is 
implemented in order to monitor adequate and safe use of feed additives in animal 
nutrition. Moreover, controlling feed production in this respect results in improving the 
quality and safety of animal products for consumers. 


HPLC methods have been widely used in the analyses of feed additives, such as vitamins, 
feed colorants, antioxidants, amino acids and coccidiostats in preparations, premixes and 
feed mixtures. It is relatively simple to analyse preparations as they are usually composed of 
a particular active substance and a carrier. A premix is more complex feed consisting of a 
combination of a dozen different feed additives on a mineral (calcium carbonate) or organic 
(wheat bran) carrier. Complete feed mixtures used in animal nutrition, produced by 
combining premixes with feed materials are often greased and subjected to further hydro- or 
barothermal processing, e.g. pelleting, extrusion or expanding. In order to counteract 
decomposition of the active substance, feed additives are secured by protective coating, e.g. 
vitamin A, canthaxanthin, which enhances their durability in the feed matrix. A specific 
protection of feed additives by protective coating, thermal processing, greasing the feed, 
varied composition of feed materials in mixtures may hinder the transfer of the active 
substance into a solution during extraction and purification of the extract. 


The key issue becomes selection of a chromatographic column (in a normal phase or 
reversed phase), mobile phase, detector, as well as optimization the conditions of 
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chromatographic separation. In examining feed additives with the use of HPLC methods the 
most frequently used types are spectrophotometric detection (UV-VIS), detection with the 
help of diode array and fluorescent detection. The choice of optimal parameters for 
chromatographic separation is done during validation of the method. The analyses in this 
respect should be accompanied by an assessment of the method’s robustness [2]. A practical 
way to verify the precision of a method in a laboratory (repeatability) and in interlaboratory 
studies (reproducibility) is taking advantage of Horwitz equation [3]. 


Using HPLC methods for examining feed additives was the subject matter of numerous 
studies on the basis of which official methods of analysing certain feed additives were 
developed. The studies presented the basic validation parameters for the methods of 
examining the content of fat-soluble vitamins [4-7], water-soluble vitamins [8,9], 
coccidiostats [4,10-12], and other feed additives, amino acids, methionine hydroxy analog 
and antioxidants [13,4,8]. However, in case of carotenoids such as canthaxanthin or 
apocarotenoic acid ester official methods of examining these additives are still based on 
spectrophotometric measurement rather than on HPLC methods [13,8]. 


New requirements have been introduced regarding the validation parameters for the 
methods of analysing feed additives, e.g. those listed in the regulation No 882/2004 [14], 
taking into consideration, among others, the uncertainty of measurement. It is necessary to 
determine the uncertainty of measurement with a particular method in order to interpret 
adequately the result of examining feed additives in feedingstuffs and to assess acceptable 
tolerance in compliance with the requirements of the regulation No 939/2010 [15]. The new 
requirements in this area should be taken into account while validating the methods of 
testing feed additives in order to solve the problem of interpreting the results. 


The aim of the present work was to offer a review of HPLC methods used for analysing 
active substances in certain feed additives, with regard to current requirements defined in 
the regulations. In some justified cases the results of the authors’ own studies were 
presented, as well as the procedures for determining vitamins Bi and Bz, canthaxanthin and 
methionine hydroxy analog (MHA). Some validation parameters were presented, such as 
the limit of the method’s quantification (LOQ), linearity of the calibration curve, 
repeatability, within-laboratory reproducibility (intermediate precision), recovery and the 
uncertainty of measurement. Also, the results of verifying the developed methods and 
laboratories participating in proficiency testing (PT) were demonstrated. The ways of 
quality assurance of the tests in reference to HPLC methods were discussed. The work 
presents the method of assessing combined standard uncertainty of measurement with the 
use of experimental approaches based on within-laboratory reproducibility and calculations 
for the bias of the method on the basis of CRM studies or PT results. 


2. A review of HPLC methods used to determine feed additives 


Feed additives are commonly used in animal nutrition, e.g. in order to supplement the 
animals’ requirement for nutrients (amino acids), useful micro components (vitamins), to 
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prevent invasive diseases (e.g. coccidiosis — coccidiostats), to reduce oxidation processes of 
feed’s components (antioxidants), to enhance the dietary value and quality in food products 
of animal origin (amino acids, carotenoids— egg yolk coloration). 


In case of some vitamins and antioxidants their maximum content in feed mixtures was 
determined, e.g. for vitamins A and Ds, antioxidants (ethoxyquin, BHA, BHT), carotenoids 
(canthaxanthin, apocarotenoic acid ester and others). Maximum contents are subject to 
official control in reference to their conformity with the requirements related to the safety of 
feedingstuffs. Additionally, a feed manufacturer is obliged to declare the content of feed 
additives on the label of a premix or feed mixture. Thus, it is necessary to have access to 
analytical methods for testing the content of feed additives in a wide range of concentrations 
in the preparations containing additives, premixes and feed mixtures. 


Table 1 presents examples of well-known HPLC methods for examining fat-soluble vitamins 
in feedingstuffs, including the official methods accepted by the European Commission. A 
commonly used method of preparing a sample for analysing the content of vitamin A is 
alkaline hydrolysis during which gelatin/sugar cross-linked beadlets which protect vitamin 
A in the form of retinol acetate are solved and then purified by liquid-liquid extraction. An 
interesting option for purifying vitamin A extracts from feed mixture with the use of the 
SPE technique was presented by Fedder & Ploger [7]. The step of alkaline hydrolysis is also 
used while determining vitamins E and Ds. Chromatographic separation of vitamins, except 
for vitamin D3 where preliminary separation and fraction collection are necessary [5], does 
not present any serious problems. However, a problem may be posed by the quality and 
durability of a standard, as well as poor precision resulting from a too low of analytical 
weight [16]. It is necessary to verify vitamin A standards with the use of a 
spectrophotometric method [4]. 


The official methods of determining the content of water-soluble vitamins, such as Bi, Bz and 
Be are based on spectrophotometric or fluorometric methods [8,13]. The results of analyses 
using these methods may be biased with errors due to some interferences from other 
substances in the variable feed matrix. Recently HPLC methods to determine vitamins B1, Bz, 
Be, nicotinic acid and nicotinamide in mineral preparations and mixtures [8], as well as 
vitamin Bi in feed mixtures and premixes [9] were published (Table 2). Due to the high limit 
of quantification for vitamin Bi amounting to 5 mg/kg according to Italian Official Method 
[9], it cannot be used for analysing vitamin Bi in typical feed mixtures to which it is 
normally added at the amount of 2-4 mg/kg. Moreover, the method quoted above makes it 
possible to examine vitamin Bi added to feedingstuffs but not the total content of this 
vitamin, regarding its presence in feed materials. It is thus necessary to have access to 
chromatographic methods enabling the examination of water-soluble vitamins present in 
feed materials and added in the form of feed additives. The procedures of HPLC methods of 
vitamins Bi and Bz developed during the authors’ own studies are presented later in the 
chapter [17,18]. 
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Analyte, matrix 
reference 


Extraction, extract clean up 
and chromatography parameters 


Performance 
parameters 


Vitamin A in 
feedingstuffs and 
premixes, 
Commission 
Regulation, 2009 
[4] 


Sample hydrolyze with ethanolic KOH, extraction 
into light petroleum, evaporation and dissolution 
in methanol, reversed phase HPLC, Cis column 
(250 x 4mm) 5 um or 10 um packing , mobile 
phase: methanol and water 98+2 (v/v), fluorescence 
(or UV) detector: excitation 325 nm; emission 475 
nm or UV detector (325 nm) 


LOQ=2000 IU/kg; 
SD: (%): 3.0-8.1; 
SDr (%): 6.2-20.0; 


Vitamin E in 
feedingstuffs and 
premixes, 
Commission 
Regulation, 2009 
[4] 


Sample hydrolyze with ethanolic KOH solution, 
extraction into light petroleum, evaporation and 
dissolution in methanol, reversed phase HPLC, 
Cis column (250 x 4mm) 5 um or 10 um packing , 
mobile phase: methanol and water 98+2 (v/v), 
fluorescence detector: excitation 295 nm; emission 
330 nm or UV detector (292 nm) 


LOD=2 mg/kg; 
LOQ=10 mg/kg; 
SD; (%): 2.2-4.1; 
SDr (%): 4.8-12.7 


Vitamin Ds in 
feedingstuffs and 
premixes [5] 


Feed saponification and extraction with diethyl 
ether; evaporation and solvation in methanol; 
reverse phase preparative chromatography; eluat 
collection with vitamin Ds, evaporation and next 
solvation in n-hexan or isooctane; normal phase 
chromatography, column 250 mm x 4 mm, Si-60, 5 
uum packing; UV detection at 264 nm; mobile 
phase: preparative column: methanol -water 
(92+8)), analytical column — n-hexan — dioxan - 
isopropanol (94.5+5+0.5) 


LOQ=1000 IU/kg; 
RSD; to 5000 IU/kg: 
1000 IU/kg; 5000- 
20000 IU/kg:20% 
20000-100000 
IU/kg: 15%; 
>100000 IU/kg: 10% 


Vitamin Ks in 
feedingstuffs, 
premixes and feed 
additives [6] 


Sample extraction with chloroform, transfer 
vitamin K substances to free menadion; clean-up 
with Celite and sodium sulphate anhydrous; 
normal phase chromatography, Si-60 column 250 
mm x 4mm, 10 um packing; UV detection at 251 
nm 


LOQ=0.5 mg/kg 
RSD; at 1 mg/kg: 
10%; SDr at 8 
mg/kg: 4%; SDrat 
the level >2500 
mg/kg: 3%; 


Vitamin A and E, 
feedingstuffs [7] 


Sample hydrolyze with ethanolic KOH solution; 
clean-up on SPE column; elution in ethyl acetate, 
evaporation and dissolution in methanol; reverse 
phase chromatography, ODS2 column 250 mm x 
4.6 mm, 5 um packing; UV detection at 325 nm 
(vitamin A) and 292 nm (vitamin E). 


Range: Vitamin 
A=1250-20000 
U/kg; Vitamin E=3- 
300 mg/kg 

RSDip= 21% (vit. 
A), 11% vit. E; 

Rec: vit. A - 80%, 
vit. E - 110% 


Table 1. HPLC methods for the analysis of fat-soluble vitamins in feeds 


Using High Performance Liquid Chromatography (HPLC) for Analyzing Feed Additives 
Analyte, matrix |Extraction, extract clean up Performance 
reference and chromatography parameters Parameters 


Extraction with methanol -Titriplex solution, |Range, mg/kg: 
Vitamin Bi, Bz, _|clean-up on membrane filter 0.45 um, reverse |B1= 320-7940; B2= 868- 
Be, NA, NSA in |phase HPLC coupled to UV or diode array 15990; B6=627-11530; 
premixes and detector, column Nucleosil 250 x 3.0 mm, 5 um|NA=4520-77850; NSA= 
mineral feeds [8] |packing; mobile phase: mixture of water 3665-61230; RSD:(%) = 2.1- 
solution of acetonitrile and acetic acid 5.1; RSDr(%) = 4.2-30.2 
LOQ=5 mg/kg; Range, 
mg/kg: 7 — 484; 
RSD+(%)=4.2-4.7 
RSDr(%)=5-13 
Rec.(%)=88-97 


Extraction with methanol ; clean-up on SPE, 
reverse phase HPLC, coupled toa 
fluorescence detector, excitation at 360 nm, 
emission at 430 nm 


Vitamin Bi in 
feedingstuffs 
and premixes [9] 


Bi - thiamine; B2 — riboflavin, Bs — pirydoxin; NA- nicotin acid; NSA — nicotinamid; 


Table 2. HPLC methods for the analysis of water-soluble vitamins in feeds 


Numerous methods have been developed to examine coccidiostats in feedingstuffs with the 
use of high performance liquid chromatography. Examples of such methods are presented 
in Table 3. Satisfactory precision of such methods has been obtained, in conformity with that 
calculated from the Horwitz equation [3] and with the requirements of the Commission’s 
Decision [19], which enables analyzing coccidiostats at the levels declared by manufacturers. 
Due to the hazard of cross-contamination with the remains of coccidiostats found in non- 
target mixed feeds on the production line and the risk of carry-over the remains of 
contamination onto the products of animal origin, it is necessary to continue lowering the 
limit of methods’ quantification in order to control safe use of coccidiostats. 


Table 4 presents HPLC methods for testing other feed additives, such as antioxidants, amino 
acids, methionine hydroxy analog. The official AOAC method for determining ethoxyquin 
was verified in testing pet food and meat meal [13]. Due to the determination of maximum 
content of antioxidants in feed mixtures for animals used for food production there is a 
necessity to check this method in testing typical feed mixtures and premixes. Amino acids 
are present in typical feed materials as components of proteins. In order to determine amino 
acids in feed materials it is necessary to subject proteins to hydrolysis and next to separate 
amino acids using ion-exchange chromatography and apply derivatization. With intensive 
animal production it is necessary to supplement the deficiency of amino acids, such as 
lysine, methionine, threonine and tryptophan. New feed additives have been registered 
recently, such as arginine, valine and cysteine. The official AOAC methods make it possible 
to determine mainly the composition and content of amino acids in feedingstuffs after 
hydrolysis [13], yet validation parameters of the determination methods have not been 
defined for all synthetic amino acids. Moreover, the precision parameters of the method 
used to determine amino acids with sodium metabisulphite or the hydrobromic acid 
method were in many cases unsatisfactory, which was confirmed by the values of the 
Horwitz ratio higher than 2, e.g. in a feed mixture for broiler chickens the HorRat (H) values 
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amounted to 1.7-3.6, with mean 2.5, while satisfactory H values are within the range of 0.5 > 
H > 2. This requires further studies with the use of high performance liquid chromatography 
in order to determine the total content of amino acids after hydrolysis and added amino 


acids. 


medicated feeds 


chromatography, reversed phase HPLC with UV 


Analyte, matrix |Extraction, extract clean up Performance 
reference and chromatography parameters Parameters 
Halofuginone, _ |Ethyl acetate extraction, purification by ion-exchange /LOQ = 1 mg/kg ; 


RSD: (%): 2.0-4.7; 


salinomycin and 
narasin, poultry 


medium at 55 °C, ODS column (150 x 4.6 mm, 5 um); 
eluent: methanol — 1.5% aqueous acetic acid (90:10, 


[10,4] detection at 243 nm, Cis column (300 x 10 mm) 10 um |Rec.(%) 75.3-98.0; 
packing, mobile phase: mixture of acetonitrile and at the level of 3 
ammonium acetate buffer solution mg/kg 

Lasalocid, Methanol extraction without clean-up, derivatization /LOQ = 40 mg/kg 

monensin, with 2,4-dinitrophenylhydrazide (DNP) in acid conc. range 50-150 


mg/kg; RSD: (%): 4- 
10; Rec. 85-100% 


[4] 


reversed phase gradient HPLC, Hypersil ODS 
column, 100 mm x 4.6 mm, 3 um packing; mobile 
phase: (1) aqueous solution of ammonium acetate 
and tetrabutyl-ammonium hydrogen sulphate, (2) 
acetonitrile, (3) methanol 


feed [12] v/v), UV detection at 305/392 nm 
Lasalocid, Extraction into acidified (HCI) methanol, agitation in JLOD=5 mg/kg; 
poultry feeds, ultrasonic bath at 40 °C, filtration through a 0.45 um _ |LOQ=10 mg/kg; 
premixes filter, reversed phase HPLC, Cis column (125 x 4 mm))/RSD; (%): 2.1-5.4; 
[11,4] 5 um packing , mobile phase: mixture of phosphorus |RSDr (%): 5.0-10.7; 
buffer solution and methanol 5+95 (v/v), fluorescence |Rec : feed = 80%; 
detector: excitation 310 nm; emission 419 nm premixes = 90% 
Robenidine, Extraction into acidified (HCI) methanol, clean-up on |LOQ=5 mg/kg 
feedingstuffs, an aluminum oxide column; reversed phase HPLC, |SDr(%): 3.3-5.4; 
premixes UV detection at 317 nm; Cis column (300 x 4mm) 10 |SDr(%): 9.7-10.1; 
[4] lum packing; mobile phase: mixture of acetonitrile Rec. for blanc 
and sodium and potassium phosphate solution sample = 85% 
Diclazuril, Extraction with acidified methanol with internal LOD=0.1 mg/kg; 
feedingstuffs, standard; purification on Cis solid phase extraction /LOQ=0.5mg/kg; 
premixes cartridge (SPE), evaporation and dissolution in DMF; |SD; (%): 1.9-17.3; 


SDr (%): 7.4-18.6; 
Rec. for blanc 
sample = 80% 


SDr- standard deviation of repeatability; SDr - standard deviation of reproducibility; rec. — recovery; LOD — limit of 
determination; LOQ - limit of quantification; DMF — N,N-dimethylformamide; 


Table 3. HPLC methods for the analysis of coccidiostats in feeds 


Ethoxyquin in 
pet-food and meat 
meal [13] 


reversed phase HPLC, Ciscolumn (250 x 4.6 mm) 5 
um packing , mobile phase: acetonitrile and 0.01 M 
ammonium acetate (70 + 30, v/v); fluorescence 
detector: excitation 360 nm; emission 432 


Using High Performance Liquid Chromatography (HPLC) for Analyzing Feed Additives 
Analyte, matrix Extraction, extract clean up Performance 
reference and chromatography parameters Parameters 

Extraction with acetonitrile without clean-up, Method range: 


0.5-300 mg/kg; 
SD: (%): 4.5-32; 
SDr (%): 4.5-55; 
Rec. 60-83% 


Phenolic anti- 
oxidants* in fats 
[13] 


Extraction with acetonitrile, extract is concentrated 
and diluted with 2-propanol; reversed phase 
gradient HPLC, Cis column with guard column; 
mobile phase: (1) 5% acetic acid in water, (2) 
acetonitrile-methanol (1 +1, v/v) 


Method range: 
10-200 mg/kg; 
SD; (%): 2.1-11.5; 
SDr (%): 2.7-21.5; 
Rec. 83-103% 


Tryptophan in 
feedingstuffs and 
premixes[4] 


For total tryptophan alkaline hydrolise with 
saturated barium hydroxide solution; for free 
tryptophan extraction under mild acid conditions; 
reversed phase HPLC with fluorescence detector, 
excitation 280 nm, emission 356 nm; Cis column 

(125 x 4mm) 3 um packing; mobile phase: acetic acid 
and 1,1,1-trichloro-2-methyl-2-propanol solution, pH 
5.00 


Feedingstuffs: 

SDr(%): 1.6-1.9; 
SDr (%): 2.2-6.3; 
Feed materials: 
SD; (%): 0.8-1.3; 
SDr (%): 4.1-5.1; 


Amino acids in 
feeds™ [13] 


Performic acid oxidation of the sample to oxidize 
cystine and methionine; amino acids liberation from 
protein by hydrolysis with 6 M HCl; dilution with 
sodium citrate buffer; amino acid separation on ion- 
exchange chromatograph with ninhydrin post- 
column derivatisation 


Broiler feed: 

SD; (%): 1.1-4.7; 
SDr (%): 6.0-19.8; 
HorRat: 1.7-3.6 
~2.5 


MHA in 
feedingstaffs and 
premixes [8] 


Extraction with water solution of acetonitrile; 
reversed phase HPLC with UV detection at 210 nm; 
RoSil-NH2 column (250 mm x 4.6 mm, 5 um packing) 
with guard column; mobile phase: acetonitrile with 
phosphoric acid solution ( 23+77) 


LOD=0.2 g/kg 
LOQ=0.5 g/kg 


*PG-propyl gallate; THBT — 2,4,5-trihydroksybutyrophenone; TBHQ - tetr-butylhydroquinone; NDGA — 

nordihydroguaiaretic acid; IJonox 100 — 2,6-di-tert-butyl-4-hydroxymethylphenol BHA- 3-tert- butyl-4-hydroxyanisole; 
BHT - 3,5-di-tert-butyl—4-hydroxytoluene; OG, DG - octyl and dodecyl gallate 
“Sodium metabisulphite method and hydrobromic acid method not applicable to determination of tyrosine and 
tryptophan; acid hydrolysis method not applicable for methionine, cysteine and tryptophan; MHA - methionine 


hydroxy analog 


Table 4. HPLC methods for the analysis of other feed additives in feeds 


3. A description of feed matrix and active substances in feed additives 


The difficulty in determining certain feed additives is related with their low stability. In 
order to obtain a more durable form, resistant to the manufacturing conditions of feed 
mixtures, the additives are secured by protective coating. This concerns primarily vitamins 
A and D:;, as well as feed colorants, such as canthaxanthin. 
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Vitamin A is produced in the form of gelatin-and-sugar beadlets or fat beadlets. Each 
beadlet contains ca. 0.5-0.6 ug of vitamin A, as calculated for retinal (ca. 2 IU). The 
distribution of beadlets in the feed is not equal and the feed enriched in vitamin A tends to 
segregate vitamin beadlets during the process of manufacturing and transporting the 
feedingstuff, especially in case of loose products. On the other hand, pelleting feed mixtures 
or subjecting them to other barothermal processes, such as extrusion or expanding reduces 
vitamin segregation, yet it lowers their durability at the same time. Ultimately, the unequal 
distribution of vitamins in feed may affect the precision and accuracy of results of analyses. 
Grinding the samples may improve the distribution of vitamin A, yet it will also increase the 
risk of its oxidation. Vitamin A is chemically unstable and its content and biological activity 
are reduced along with the presence of oxygen from the air, light, humidity, inorganic acids, 
choline hydrochloride, microelements and peroxides created in the processes of fat 
oxidation. It is recommended that samples should be ground immediately prior to an 
analysis into 1 mm particles. Further grinding of the sample before determining the content 
of vitamins may lead to their decomposition. A useful guideline regarding the preparation 
of samples for analyses, including the analyses of unstable feed additives such as vitamins, 
is provided by the currently issued ISO/FDIS International Standard 6498 [20]. 


Vitamins are protected against oxidation by antioxidants (e.g. ethoxyquin) which are added to 
the materials creating beadlets. Some forms which are physically and chemically stable are 
created in this way, e.g. the oleic form of vitamin D3 and more stable compounds (menadione 
bisulfite, thiamine mononitrate and riboflavin phosphate). Feed additives used in feed 
manufacturing are introduced on mineral carriers or on wheat bran. The most frequently used 
mineral carrier is fodder chalk. In case of extracting additives from premixes with the use of 
diluted acids the influence of the carrier on the conditions of extraction should be considered. 
In such a situation it is recommended that the robustness of a method to slight changes in the 
analytical procedure or a change of matrix should be verified [2]. In analyzing feedingstuffs 
the interfering agent is fat which often occurs in significant amounts on feed mixtures (up to 
10%). In high-fat samples containing more than 0.25g of fat in an analytical weight while 
determining fat-soluble vitamins, additional soaps are formed in the saponification process, 
which hinder the separation of the examined analyte. 


It was possible to resolve the problem of interfering substances after using HPLC methods. 
However, the diversity of matrices and inhomogeneity of feedingstuffs pose numerous 
analytical problems while determining feed additives, such as vitamins or carotenoid 
colorants. The biggest difficulty is related to proper clean-up of the extract and selection of 
adequate conditions for chromatographic separation. 


In case of vitamins, while examining the relevance of the producer’s declaration and 
interpreting the result of the examination, one should be aware of the effect brought about 
by numerous factors on the content of vitamins in feedingstuffs. There were detailed studies 
in this respect conducted by Coelho [21]. Table 5, based on Coelho’s article, presents the 
method of estimating the summary influence of different factors, such as the type of a 
premix and the time passed since the moment of its production (column 2), the type of 
conditions of hydro- and barothermal processing (column 3), feed storage time (column 4) on 
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vitamin retention. The product of the factors in columns 2, 3 and 4 (expressed as a fraction) 
will let us estimate the retention of a particular vitamin in a particular feed (column 5). 


Pelleting F ; 
wae . eed storage time : 
Vitamin Vitamin, premix temp., (Coelho [21] Total vita- 
(Coelho [21], Table 8) | (Coelho[21], ”  |min reten. % 
Table 10) 
Table 11) 
1 2 3 4 5 
2 months 96 °C 2 weeks 2x3x4 
A beadlet 90 88 98 78 
Ds beadlet 91 91 99 82 
E acetate 50% 92 91 99 83 
Thiamine 77 82 99 63 
Riboflavin 91 84 99 76 
Br 96 95 100 90 
Ca pantothenate 87 84 99 72 
Biotin 89 84 99 74 
Niacin 90 86 99 77 


Table 5. Vitamin stability in premixes and feeds (%), (Coelho, 2002) 


Similarly, the authors observed in their own studies that the conditions and premix storage 
time in the laboratory affected the content of vitamins A and E. Fractioned samples of 
premix, each weighing 100 g, were stored for 8 months at room temperature (22 °C), in a 
fridge (5 °C) and in a freezer (-18 °C) (Table 6). In the samples stored at room temperature 
the content of vitamins after 8 months of storage was reduced to as little as 3% of the initial 
value. The analyses of vitamin content should be performed immediately after receiving the 
samples by the laboratory, otherwise the samples should be stored in a fridge until the 
analyses can be done. 


Vitamin retention, %* 
Item Month 

0 1 2 3 4 5 6 7 8 

Vitamin A, initial value 
2794000 IU/kg: 

- room 22 °C 100 94 82 64 32 13 6 4 3 

- refrigerator 5 °C 100 102 99 94 94 93 93 92 85 

- freezer -18 °C 100 100 100 100 99 100 98 99 96 
Vitamin E, initial value 

15.56 g/kg: 

- room 22 °C 100 98 96 94 94 97 95 94 90 

- refrigerator 5 °C 100 99 98 100 98 100 100 98 90 

- freezer -18 °C 100 99 97 100 99 100 100 100 94 


* expanded uncertainty (k=2) of the result of examining is 16% for vitamin A and 12% for vitamin E 


Table 6. The results of laboratory retention of vitamins A and E, % 


174 Chromatography — The Most Versatile Method of Chemical Analysis 


4. Extraction and extract purification 


A sample for a quantitative analysis should be prepared in such a way that the isolation of a 
selected analyte and removal of interfering substances is possible. The condition necessary 
for adequate quantitative determination in liquid chromatography is eliminating any 
possibility of coelution and minimization the drift of a basic line. Extractions of the analyzed 
substances were done classically by shaking the sample with a solvent. In case of vitamins 
Bi and Bz and carotenoids, such as canthaxanthin and apocarotenic acid ester, extraction was 
performed in an ultrasonic bath. In order to purify the extract, aluminum oxide (e.g. 
canthaxanthin), celite and anhydrous sodium sulphate (e.g. vitamin Ks) were used and PTFE 
and Nylon (PA) (0.45 um or 0.20 um) syringe filters were applied before injecting on the 
chromatographic column. Syringe (hydrophobic) PTFE filters are used in case of solutions 
with high acid and base content, whereas nylon (hydrophilic) filters are used with aqueous 
and organic solutions. Filtration of extracts is necessary as it prolongs durability of a column 
due to eliminating permanent contamination which blocks the column’s intake and 
increases back pressure. If needed, the analyte may be concentrated by evaporating the 
solvent. When there is a risk that the studied analyte becomes oxidized, evaporation is done 
in neutral gas, e.g. nitrogen or argon. 


The removal of gelatin-and-sugar beadlets protecting vitamins A and Ds is done at the stage 
of saponification and transforming the vitamins into alcoholic forms. DouSa & Brichaé [16] 
demonstrated that saponification in standard conditions did not affect the results of 
analyses. In case of canthaxanthin enzymatic hydrolysis through adding trypsin and pepsin 
is used. While determining the total content of thiamine and/or riboflavin in feedingstuffs 
(endogenic and added) at the stage of preliminary preparation an ultrasonic bath and also 
enzymatic hydrolysis (taka-diastase) are applied. 


5. Optimization the conditions of chromatographic separation 


The method of high performance liquid chromatography (HPLC) with flouorometric 
detection or a diode array is characterized by sufficient selectivity and sensitivity required to 
determine feed additives. Each of the developed and verified procedures includes precisely 
defined stages of hydrolysis and extraction which make it possible to determine the total or 
added analyte in a sample. Chromatographic separation of the analyzed mixture is affected 
by the properties of chromatographic arrangement. The developed analytical methods took 
advantage of chromatography in a regular and reversed arrangement of phases. In the 
reversed phase methanol and water or acetonitrile and water were used. In the standard 
arrangement the mobile phase was hexane or chloroform. In the majority of the developed 
methods presented in this chapter isocratic elution was applied, except for methionine 
hydroxy analog where gradient elution was used. Adequate separation was achieved 
through the use of ODS column with 18 atoms of carbon in the chain (Cis) and columns with 
8 atoms of carbon (Cs) in the alkyl chain in chromatography with reversed phase (RP). In 
chromatography with the normal phase arrangement columns filled with silica gel were 
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used. The identification and content of analyte was examined with the method of absolute 
calibration (with external model), analyzing separately the sample and the model and 
identifying the peaks with the help of retention values, comparing retention time of the 
identified substance with the retention time of a standard, chromatographed in identical 
conditions. Examples of chromatograms for the standard extract and the sample of the 
examined analyte (riboflavin) with the use of fluorescent detector are presented below 
(Fig.1, Fig.2). 


standard Emission 
7.00 Fnv EM:521 nm 
4 iboflavin — 3.813 
5.00 
3.754 
2.50 
1.254 
0.00 | oak ; 
min 
Ia 40 890 6©6€CSO|!}€«CUMGO!~CCBO~”;~C 
.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 
Figure 1. Characteristic chromatograms of riboflavin: chromatogram of standard solution 
premix extract Emission 
9.0 Tav EM:521 nm 
4 iboflavin— 3.815 
6.07 
4.07] 
2.0 7] 
4 min 
- Hast tai | (a tas oe asia tos tna ee 
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Figure 2. Characteristic chromatograms of riboflavin: chromatogram of premix extract 


6. Selected methods of testing feed additives 


Selected methods of testing feed additives presented below were validated with the help of 
a high pressure liquid chromatograph (Dionex P-680) with fluorescence detector (Dionex RF 
2000) or with a diode array. 
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Vitamin B: (Thiamine) 


The following procedure used for determination of thiamine in premixes and compound 
feeds was elaborated on the basis of the article published by Rubaj et al. [18]. 


Principle 


Vitamin Bi is extracted with hydrochloric acid of 0.1 mol/l and next oxidized to thiochrome 
and marked with the use of high performance liquid chromatography (HPLC) with a 
fluorescence detection. 


Reagents and Solvents. All reagents and solvents should be of analytical grade: chloroform; 
methanol; hydrochloric acid, c=0.1 mol/l; trichloroacetic acid, 50%; sodium hydroxide, 15%; 
water saturated isobutanol; potassium hexacyanoferrate (III) ; vitamin Bi standard, taka- 
diastase, sodium acetate. 


Apparatus: laboratory shaker, centrifuge, water bath with Allin condenser, HPLC set with 
fluorescence detector. 


Procedure 


Thiamine was extracted from the examined feed sample with 0.1 M hydrochloric acid at 
100°C for 30 minutes. In case of compound feedingstuffs 10% taka-diastase solution was 
added to the samples, and then samples were incubated at 37°C for 17 hours. Afterwards 
thiamine was oxidized to thiochrom by 1% alkaline K3Fe(CN).. 


Chromatography 

Column 25 cm x 4.6 mm 

Stationary phase LichroCart 250-4, Lichrospher100 NH2(5um) 
Mobile phase Chloroform and methanol, 90+10 (v/v) 
Column temperature 25 °C 

Flow rate 2.0 ml/min 

Injection 20 ul 

Detector Fluorescence, Ex A= 365, Em A=435 
Calculation External standard, peak area, linear regression 


Special Comment 


This method was applied for the quantification of total content of thiamine in compound 
feedingstuffs as well as added thiamine in the form of hydrochloric or nitrate salt. 


Vitamin Bz (Riboflavin) 


The following procedure for determination of riboflavin in premixes and compound feeds 
was elaborated on the basis of the article published by Rubaj et al. [17]. 


Principle 


Riboflavin was extracted from a feed sample in autoclave with 0.1M sulphuric acid. The 
ester bonds with phosphoric acid were hydrolyzed by the Taka-diastase enzyme. Riboflavin 
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content was determined by high performance liquid chromatography (HPLC) with 
reversed-phase and usage of fluorescence detection. 


Reagents and Solvents. All reagents and solvents should be of analytical grade: methanol 
for HPLC; sulphuric acid, 0.1 mol/l; sulphuric acid, 30%; sodium hydroxide, 0.5 mol/l; 
sodium acetate, 2mol/l; acetic acid, 99.5%; citric acid; taka-diastase, 10% suspension; vitamin 
Bo standard. 


Apparatus: autoclave, ultrasound bath, HPLC set with fluorescence detector. 
Procedure 


Riboflavin was extracted from the examined feed sample with 0.1M sulphuric acid, and that 
solution was boiled for 15 min. at temperature from 110°C to 120°C. After cooling to the 
room temperature, the whole volume of hydrolysed sample was transferred to a 100 ml 
measuring flask. Next taka-diastase suspension was added to the flask, which was then 
placed into a water bath at 45°C for 20 min. The enzymatic reaction was stopped by adding 
sulphuric acid. The sample solution was next chilled to room temperature, and the volume 
was corrected to 100 ml by adding 0.1 mol/l sulphuric acid. Afterwards, samples were 
mixed and filtrated. Extract clean-up was done by adding methanol to the sample and 
filtration through syringe filter before injection on the column. 


Chromatography 

Column 25 cm x 4.6 mm 

Stationary phase Cis 

Mobile phase Methanol and citric acid 0.2 mg/l (30:70 v/v). That solution was 
mixed with methanol with ratio 1:1 

Column temperature 25 °C 

Flow rate 0.8 ml/min 

Injection 20 ul 

Detector Fluorescence, Ex A= 453, Em A=521 

Calculation External standard, peak area, linear regression 


Special Comment 


Vitamin Bz is sensitive to light, hence all the activities were conducted without any access of 
day light (by using amber glass flask or flask covered by aluminum foil). 


Canthaxanthin 


The following procedure for determination of canthaxanthin in premixes and compound 
feeds was elaborated on the basis of the article published by Rubaj et al. [22]. 


Principle 


The principle of this method is based on the hydrolysis of a powdered formulation of 
canthaxanthine with trypsin and pepsin in water solution of ammonia and its purification 
on the aluminium oxide filled column. The canthaxantine content is determined by high 
performance liquid chromatography (HPLC) in normal phase with usage of DAD detector. 
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Reagents and Solvents: trypsin 200 FIP — U/g; pepsin 700 FIP — U/g; ammonia; n — hexane; 
diethyl ether; 99.8% ethyl alcohol; acetone; aluminum oxide, neutral, activity 1; 
canthaxanthin standard; chloroform. All reagents and solvents should be of analytical grade. 


Apparatus: ultrasonic bath; vacuum rotary evaporator, HPLC set with Array’s diode 
detector. 


Procedure 


The sample is hydrolyzed with an aqueous solution of ammonia at the presence of trypsin 
and pepsin following extraction with ethyl alcohol and diethyl ether. Purification occurs 
on the aluminum oxide filled column. The extract prepared in this way should be 
evaporated, dissolved in the mobile phase, filtered through syringe filters and dosed on the 


column. 

Chromatography 

Column 4.6 x 250 mm 

Stationary phase LiChrospher Si 60 

Mobile phase n-hexane: acetone 86:14 (v/v) 

Column temperature 25 °C 

Flow rate 1.3 ml/min 

Injection 20 ul 

Detector DAD A=446 nm 

Calculation External standard, peak area, linear regression 


Methionine hydroxy analog (MHA) 


The procedure of analyzing methionine hydroxy analog was developed on the basis of the 
work by Matyka et al. [25] and the official VDLUFA method [8]. 


Principle 


Methionine hydroxy analog is extracted from the sample by 10% acetonitrile, and next 
hydrolyzed with potassium hydroxide and determined by high performance liquid 
chromatography (HPLC) with reversed phase and UV detection. 


Reagents and Solvents: acetonitrile; orthophosphoric acid; solution for extraction: 
acetonitrile - water 10+90 (V/V); solution for hydrolysis: 50% potassium hydroxide (w/v); 
phosphoric acid, 0.01mol/l. 


Apparatus: centrifuge, HPLC set, diode array detector. 
Procedure 


Extract methionine hydroxy analog from the feed, with the use of 10% acetonitrile. After 
centrifuging, perform hydrolysis with potassium hydroxide and next with a solution of 
orthophosphoric acid. Filter the supernatant through syringe filters and inject on the 
column. 
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Chromatography 

Column 25 cm x 4.6 mm 

Stationary phase Cis, LiChrospher 

Mobile phase Eluent 1 : acetonitrile - phosphoric acid 10+90 (v/v) 
Eluent 2 : acetonitrile - phosphoric acid 23+77 (v/v) 

Column temperature 25 °C 

Flow rate 0.8 ml/min 

Injection 20 ul 

Detector UV, A=214 nm 

Calculation External standard, peak area, linear regression 


Special Comment 


- If the degree of MHA polymerization in the feed mixture is high and depolymerization 
in the conditions presented in the analytical procedure is incomplete it is necessary to 
increase the amount of hydroxide taken for hydrolysis and the amount of phosphoric 
acid for neutralization, keeping constant proportions, and next to take into account the 
change in the amount of the solution after hydrolysis, while calculating MHA content. 

- The quality of separation on the chromatographic column depends on pH of the mobile 
phase. When acidity increases retention time for MHA is reduced. The excess of 
phosphoric acid in the injected solution after depolymerization reduces the time of 
MHA retention. 


7. Validation parameters of the methods used to analyze feed additives 


A significant element in verifying a chemical method, including chromatography, is its 
validation. Validation is a confirmation through examining and presenting some objective 
evidence that some particular requirements regarding the intended application have been 
fulfilled. The basic validation parameters include: calibration linearity, the limit of detection 
and quantitative determination, precision (repeatability, indirect precision, reproducibility), 
recovery and uncertainty. 


Calibration linearity is defined as a relationship between the readings of the measuring 
device and the concentration of a particular component, in conformity with the regression 
equation: bx + a= y. The measure of linearity is Pearson’s linear correlation coefficient (r) for 
parameters with regular distribution. The scale presented below is adopted to estimate the 
correlation coefficient: 0.0-0.2: very weak relationship; 0.2-0.4: weak relationship; 0.4-0.6: 
moderate relationship; 0.6-0.8: strong relationship; 0.8-1.0: very strong relationship. 


In case of feed additives discussed in the present chapter, determined with HPLC methods, 
external calibration was used. 


In case of chromatographic methods the value of limit of detection (LOD) may be 
determined on the basis of the obtained chromatogram of blanc sample, as the threefold 
value of a noise signal. To do this, it is necessary to determine the level of noise, by 
measuring on the chromatogram the range of signal change near retention time of examined 
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analyte. With chromatographic methods, the bottom limit of the method’s application may 
be also regarded as the content of the analyzed component, which is equal to the lowest 
concentration of the standard used for calibration. 


Analyte Matrix LOQ ve , - Rec. % Linear range 
ins FSS ung FELL OT 
Vitamin E Premiere | OME Ty 39 [ond | OS 
Feedingstuff 6.4 - 100.9 
Vitamin K3 ee 10mg/kg [| 5.7 | - 99.4 eam an 
Preparation 1.9 - 101.2 , 
Fin EL aig PEEL | 
baodaae ae HOMES = Te es 
ne ESSERE Gog PSP SEL al | ROS 
CV: - coefficient of variation; CVip — intermediate precision; rec. - recovery 


Table 7. Validation parameters obtained for selected feed additives — vitamins in feeds 


CV: CVip Rec. 


Analyte Matrix LOQ Linear range 
% % % 
Cantha- Feedingstuff 4.7 7.9 97.3 0.7-8.5 ug/ml; 
1. 
Rantlin.” || premio | eae 60m Noes 1=0.999 
Feedingstuff 41 4.0 94.9 12.5-100 nmol/1; 
10.0 mg/k 
TEVETORDAN preparation ee || Sab dl ade | a7 1=0.999 
01-0.07 ug/ml; 
Ethoxyquin | Feedingstuff | 05mghke | 20 | 60 | 990 | % = oe 
05-0. F 
MHA | Feedingstuff | 0.05% 2.8 : al a nei ee 


Table 8. Validation parameters obtained for other feeds 


During the validation process in a laboratory the precision of a method is determined 
through examining such parameters as repeatability and within-laboratory reproducibility 
(intermediate precision). Within-laboratory reproducibility may be calculated on the basis of 
control charts or from the range between parallel results of an analysis (replications) of a 
feed additive, in compliance with the Nordtest [23] handbook. For two or more replications 
for the analyses of an analyte in each sample it is necessary to calculate the mean value, the 
difference between measurements (range), relative difference in % and next mean relative 
difference (%) for all samples of a particular type of feed. The mean range divided by the 
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coefficient (for two replications d = 1.128) makes the standard deviation of within - 
laboratory reproducibility. In order to verify the method’s precision the Horwitz ratio 
named HorRat (H), may be used which is the ratio of the relative standard deviation of 
reproducibility SDR: calculated from the Horwitz formula SDR: =2 C5, where C stands for 
concentration expressed as a dimentionless mass fraction (e.g. 1 mg/kg = 10°). In order to 
adjust it to the conditions of repeatability, target standard deviation SDR: is multiplied by 
0.50 (RSD; = 0.5 RSDr), [3]. Satisfactory values of the HorRat making the measurement of 
precision are included in the range of 0.5 < H < 2 [3]. In case of participating in 
interlaboratory tests and obtaining satisfactory results, it is possible to include the precision 
parameters obtained in these analyses. The accuracy of a method may be determined by 
calculating the recovery degree or examining certified reference material, CRM. 


8. Quality assurance and an uncertainty of result 


Each laboratory should possess a program of quality assurance of its analyses within good 
laboratory practice. In case of chromatographic methods steering the quality may be 
implemented through performing one or more of the activities listed below: 


- regular examinations of control samples; 

- regular check-ups of the standard for each examination or series of analyses of labile 
feed components, 

- checking b curve slope coefficient from the equation bx + a=y, 

- analyzing overlapping samples (e.g. a solution of the sample for measurement, 
prepared and analyzed on the previous day), 

- analyzing the blanc sample and fortified sample, 

- examining certified reference materials, reference materials, 

- participation in native and international proficiency testing. 


Control material may be provided by certified reference material, CRM (matrix + analyzed 
substance), material from proficiency testing with a value assigned, enriched material 
prepared in the laboratory (fortified sample) and control material with recognized content of 
the tested and stable in time component, previously determined in the laboratory. 


In compliance with the recommendations of the EN ISO/IEC 17025:2005 [24] standard and 
requirements defined in some regulations, in order to assess and interpret the result of a 
test, it is necessary to use the uncertainty of measurement. We hardly ever know the real 
content of the analyte and the result of the test is biased with an error. Hence, the idea of 
“uncertainty of measurement” has been introduced which is defined as “a parameter 
associated with the result of a measurement, that characterises the dispersion of the values 
that could reasonably be attributed to the measurand” [26]. The EN ISO/IEC 17025:2005 
standard recommends at point 5.4.6.2 that testing laboratories should possess and make use 
of procedures for assessing the uncertainty of measurement. To assess the uncertainty of 
methods used to analyze feeds the most frequently used approach is the model, consistent 
with the GUM [26] guidebook, which consists of finding the components of uncertainty and 
uses the law of error propagation. Using this particular approach to assess uncertainty, it is 
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possible to obtain an underestimated value in case when we do not consider all the 
components. Other reasons for underestimating uncertainty during validation include a 
situation when while assessing uncertainty repeatability instead of within-laboratory 
reproducibility is taken into account or we often forget to consider the bias. Moreover, 
uncertainty assessment is done during validation when well-ground typical samples are 
analyzed in a short time, new standards are prepared, the apparatus is controlled (standard 
conditions). During routine activities we analyze various matrices and obtaining 
homogeneity is not easy in case of some samples. The conditions mentioned above may 
affect underestimation of uncertainty. That is why it is important to have a possibility to 
verify uncertainty with the help of other approaches. 


New opportunities concerning verification and assessment of uncertainty can be found in 
the Eurolab [27] technical report, the Nordtest [23] handbook and in the paper [28] which 
recommend the use of experimental approaches in assessing uncertainty of laboratory 
methods, in particular: 


-  within-laboratory experimental approach based on within -laboratory reproducibility 
and the assessment of the method’s bias, following CRM, 

- within -laboratory experimental approach based on within -laboratory reproducibility 
and the assessment of the method’s bias, following participation in PT/ILC. 


Using the within-laboratory experimental approach in assessing uncertainty of 
measurement (u) within -laboratory reproducibility (s) is considered as a measure of 
precision, as well as the bias (b), in accordance with the equation below following the 
Eurolab [27] technical report. 


Srp tb? =u (1) 


Precision of a research procedure in a laboratory is determined during validating the 
method or on the basis of measurements noted in control charts. Validation usually includes 
determining standard deviation of within-laboratory reproducibility sw or standard 
deviation of within -laboratory reproducibility srw which is sometimes called intermediate 
precision. Bias is determined by means of standard deviation of measurement in relation to 
the reference value, e.g. while examining certified reference materials, using reference 
methods. The share of bias (b) in uncertainty of the measurement is determined with the 
help of mean deviation of measurements (A), uncertainty of reference material (Uuret ) and 
precision of measurements during examining that bias (s). The value of the expression s?/n 
with a bigger number of measurements is low and can be omitted: 
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Ar tu? ¢+—=b (2) 
n 
In practice, different measurements result in different values of bias. In such a case the data 
may be combined and common assessment of a value of bias (uw) may be determined as a 
function of the measured value or, for typical data of matrices and levels, according to the 
formula below: 
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ad 
[>< (bias;) = @) 
n 


When certified reference materials are lacking (a frequent situation) and when no other 
analyses of bias have been performed in the laboratory (e.g. prior to applying the reference 
method) bias can be estimated on the basis of proficiency testing, PT. 


A laboratory participating in PT may use the results of such tests in order to assess uncertainty 
of measurement for the testing method/procedure used. Similarly to determining uncertainty 
in within-laboratory experimental approach, the uncertainty of measurement (u) is equal to 
the root of the sum of squared values of standard deviation for within-laboratory 
reproducibility srw and the bias (b), which can be calculated from the formulas 1,2 and 3. 


With this approach two components of uncertainty are obtained from different sources. 
Precision is determined on the basis of the authors’ own validation data (within-laboratory 
reproducibility), from the range or on the basis of measuring control charts (in-house). The 
bias is determined on the basis of PT results. Estimating the bias on the basis of a single 
participation in PT may have a limited range and should be treated as preliminary. If the 
data from several PTs are available (a wider range of matrices and concentrations) the 
assessment of the bias may be referred to the complete measurement range. 


The results of analysing uncertainty on the basis of experimental approaches using the 
results of the authors’ own results are presented below along with, for comparison, 
expanded uncertainties estimated with the help of Horwitz formula RSDr (%) = 2C°5. 


Additive Feed Sw (%) bias (%) u (%) U=2-u(%) U (%) * 
Wiiata tA Feedingstuffs 4.0 12.4 13.1 26.2 23.8 
Premixes 2.0 72 7.5 15.0 11.8 
Vitamin E Feedingstuffs 1.0 9.0 9.1 18.2 16.1 
Premixes 2.0 6.1 6.4 12.8 8.2 
Vitek Bi Feedingstuffs 5.6 6.7 8.7 17.4 26.8 
Premixes 3.7 6.7 7.6 15.2 18.6 
Wien Be Feedingstuffs 6.52 3.16 7.2 14.4 24.0 
Premixes 5.09 3.16 6.0 12.0 10.7 


*Expanded uncertainty for the HorRat value H=1 calculated from the Horwitz’ formula RSDr=2 C'S; U (%) = 2 RSDr 


Table 9. Results of uncertainty evaluation for some feed additives in compound feeds and premixes 


9. Conclusion 


The chapter presents a brief review of the methods used for determining feed additives by 
means of high proficiency liquid chromatography, HPLC. The authors presented their own 
research procedures and special attention was given to the preparation of samples for 
testing, extraction, extract purification, chromatographic separation and the basic elements 
of method validation and quality control. 
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Using HPLC for testing fat-soluble vitamins in feed materials, mixtures and premixes 
enabled us to replace colorimetric methods and to eliminate bias, such as the positive error 
of vitamin A determination related to the presence of carotenoids in the analyzed feed. The 
problem of low precision of examining certain vitamins, e.g. vitamin A, in feed mixtures is 
often unrelated to the method of determination, but rather to non-homogenous distribution 
of vitamin A in the feed related to its being secured against losing activity, due to protective 
coating. This problem may be solved by preparing the analytical weighed amount of 
sufficiently high mass and grinding the sample immediately prior to determination 
procedure to particles sized 1 mm. 


Progress in the area of examining the content of water-soluble vitamins is also related to 
introducing the methods of liquid chromatography. The authors included their own 
procedures of analyzing vitamins Bi and Bz, thiamine and riboflavin, with the use of HPLC 
methods and gave their characteristic parameters which meet the current requirements 
regarding the assessment of content and interpretation of results. These methods may be 
used especially to examine low content of thiamine and riboflavin, endogenic and added, in 
feed materials and mixtures. 


HPLC methods have been widely used for testing cocciodiostats in feed preparations, 
premixes and mixtures. They contributed to improving the safety of using these additives, 
controlling concordance with manufacturer’s declaration and not exceeding the maximum 
content in feed mixtures, as well as controlling the withdrawal period. Without liquid 
chromatography with mass spectrometry (LCMS) it wouldn’t be possible to analyze 
effectively the remains of coccidiostats in the tissues and food products of animal origin. To 
reduce the risk of cross contamination in non-target feeds maximum content values for 
coccidiostats were determined recently at the level from 0.01 mg/kg (diclazuril) to 1.25 
mg/kg (narasin, monensin), [29]. This created a need to develop some test methods adequate 
for the level of acceptable cross contamination and verifying them in interlaboratory tests. 
Future research will focus on checking the LCMS method for this particular purpose. 


The official methods of separating and determining amino acids in feedingstuffs [13,8] are 
based mainly on ion exchange chromatography. However, in examining free amino acids 
(amino acids used as additives: lysine, methionine, threonine, tryptophan, valine, arginine and 
cysteine) HPLC methods are becoming increasingly more popular as they make the analyses 
shorter in time. In some cases a HCLP method is the only solution, e.g. while determining 
methionine hydroxy analog, verified in the authors’ own studies. The need to perform a large 
number of analyses in a shorter time determines the direction of future studies of amino acids 
in feedingstuffs and using ultra-performance liquid chromatography, UPLC, for this purpose. 


In the testings of feed colorants the most frequently used means were spectrophotometric 
methods [13,8]. The diversity of feed products and the resulting changeability of matrix, as 
well as determining the maximum content of colorants in feed mixtures, were the reasons 
for searching for new methods of examining colorants, including HPLC. An example of 
such a method in reference to canthaxanthin and a procedure based on the authors’ own 
research is quoted in the present work. Future research in this respect will use the LCMS 
method to a higher degree as it enables detecting and determining several feed colorants in 
a single sample in view of cis-trans steroisomers. 
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1. Introduction 


Synthetic surfactants are among the most produced and used organic compounds 
worldwide. They are a wide range of chemicals characterized by their amphiphilic nature. 
Thus, their molecules consist of an hydrophilic / polar head group (either charged or 
uncharged) and an hydrophobic / nonpolar hydrocarbon tail. As a consequence, surfactants 
show solubility in polar and nonpolar liquids, ability to form micelles, adsorption to phase 
boundaries and reduction of the surface tension of water. They are economically important 
due to their specific properties that allow using them as washing, wetting, emulsifying and 
dispersing agents. Therefore, surfactants are mainly used in the formulation of detergents, 
personal care products, paints, textiles, pesticide formulations, pharmaceutical, and many 
other products [1, 2]. Many different types of these compounds have been synthesized, 
although they can be classified into three main groups according to their charge: (1) 
anionics, (2) non-ionics, and (3) cationics (Figure 1); the first and second groups accounting 
for the highest production volumes. Thus, the European Committee of Organic Surfactants 
and their Intermediates (CESIO) reported a production of 1200 ktons of anionic and 1400 
ktons of non-ionic surfactants in Europe in 2010, which represents 90% of the total European 
production of surfactants. 


Linear alkylbenzene sulfonates (LAS), alkyl ethoxysulfates (AES) and alkyl sulfates (AS) are 
the most widely used anionic surfactants. LAS are commercially available as a mixture 
containing homologues with alkyl chains ranging from 10 to 14 carbon units, and isomers 
resulting from the different attachment positions of the phenyl group along that chain 
(Figure la). The chemical structure of AS comprises a Ci216 alkyl chain with a terminal 
sulfate group. AES share the same structure than AS but they also have a variable number of 
ethylene oxide (EO) units (Figure 1b). All these compounds are commonly employed in 
household and laundry detergents, hand dishwashing liquids, shampoos, and other 
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Figure 1. Chemical structures of (a) linear alkylbenzene sulfonates (LAS), (b) alkyl ethoxysulfates 
(AES), (c) alcohol polyethoxylates (AEOs), (d) alkylphenol polyethoxylates (APEOs), and (e) quaternary 
ammonium-based compounds (QACs). 


personal care products [3-5]. Among the nonionic surfactants, alcohol polyethoxylates 
(AEOs) are currently produced in the greatest volume (e.g., 747000 tons in Europe in 2000), 
and alkylphenol ethoxylates (APEOs) are in second place by volume as a consequence of the 
restrictions on their use in recent years, due to the estrogenicity showed by some of their 
degradation intermediates [6-8]. AEOs are a mixture of homologues having from 12 to 18 
carbon atoms in their alkyl chain, which is connected via an ether bond to an ethylene oxide 
(Figure 1c). APEOs are mixtures of a wide range of ethoxymers (from 1 to 20 EO units), and 
isomers, depending on the degree of branching of the alkyl chain (Figure 1d). Both, AEOs 
and APEOs, are widely employed in domestic and industrial applications [9] (e.g., 
detergents, emulsifiers, wetting and dispersing agents, industrial cleaners, textile, pulp and 
paper processing). Finally, quaternary ammonium-based compounds (QACs) are the main 
class of cationic surfactants, being constituted of at least one hydrophobic hydrocarbon 
chain linked to a positively charged nitrogen atom, and other alkyl groups which are mostly 
short-chain substituents such as methyl or benzyl groups (Figure le). Major uses of QACs 
are as fabric softeners and antiseptic agents in laundry detergents as well as other industrial 
uses [2]. Since the 1960's, the most commonly used active ingredient in fabric softeners has 
been dehydrogenated tallow dimethyl ammonium chloride (DTDMAC), with industry-wide 
European annual volumes exceeding 32000 tons through 1990. However, esterquat 
surfactants were introduced into the European market in the early 1990’s because, due to 
their structure, they were more accessible to hydrolysis and biodegradation than DIDMAC. 
Hence, most fabric conditioners marketed now are comprised of esterquat types, with a 
volume of 130000 tons/year used in detergent products in the European Union [10-13]. 
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Once used, the major fraction of synthetic surfactants are disposed down the drain to 
sewers, where it has been estimated that 50% by volume is degraded, 25% sorpted to 
suspended solids and 25% dissolved [14, 15]. Later, these chemicals are commonly removed 
between 81 and 99.9% in wastewater treatment plants (WWTPs) [16-18], although they are 
frequently detected in sewage effluents showing concentrations up to 872 ug/L for LAS [16], 
between 0.24 and 3 ug/L for AES [19], up to 4 ug/L for QACs [20], and from 0.2 to 23 ug/L 
for AEOs and APEOs [21, 22]. Secondary treatment in active sludge units is considered the 
most important process to eliminate surfactants through aerobic biodegradation, but a 
considerable fraction is also removed by sorption / precipitation in sludges originated from 
several decantations (Figure 2) (e.g., 15-37% of total LAS [14, 15, 23] and more than 90% of 
nonylphenol [24]). These sludges are also a potential source of contamination for soils, 
groundwater and adjacent rivers as they tend to contain high concentrations of organic 
contaminants and are often used in agriculture after anaerobic digestion. High levels of 
surfactants have been measured in treated sludges: up to 5400 mg/kg dry weight for LAS 
[15, 25], from 119.3 to 380.5 mg/kg for APEOs, AEOs and AES [25], and up to 5870 mg/kg for 
QACs [26, 27]. Any environmental compartment (surface waters, sediment, biota...) is 
susceptible of being contaminated by these compounds and/or their degradation 
metabolites [2, 28]. As example, a considerable number of studies have reported the 
presence of LAS in surface waters [29-31] at levels typically ranging from less than 1 ng/L to 
several hundreds of ug/L respectively, depending on the distance from urban wastewater 
discharge sources and the type of wastewater treatment. Available studies about the 
presence, environmental behavior and distribution of non-ionic surfactants are mainly 
focused on NPEOs (nonylphenol polyethoxylates, which are the major fraction of APEOs). 
Concentrations of these compounds have been reported in surface waters all around the 
world: <0.1 to 100 pg/L in rivers in Mexico [32], Holland [33], Japan [34] and Taiwan [29], 
and from <1 to 38.5 g/L in coastal waters of United States [35], Italy [30], Spain [36] and 
Israel [37]. Levels of surfactants in surface sediments are usually higher by several orders of 
magnitude than those measured in water due to their moderate to high sorption capacity. 
Thus, the presence of LAS [31, 38-40] and NPEOs [22, 41-44] has been widely detected in 
sediments, with levels ranging from less than 1 to more than 200 mg/kg and from less than 
0.1 to 28.5 mg/kg respectively. Available data concerning to the presence of aliphatic anionic 
(AES) and nonionic (AEOs) surfactants, as well as cationic surfactants of any class, are rather 
limited. There are only a few papers about the occurrence of AEOs [36, 40, 43, 44] and AES 
[19, 31] in sediments, showing levels ranging from <0.1 to 23 mg/kg. Some authors have also 
measured concentrations between <0.1 and 72 ug/L for AES [19, 31] and AEOs [36, 40, 43] in 
surface waters. QACs have been measured at levels ranging from less than 2 g/L in surface 
waters [20] to more than 100 mg/kg in sediments [45, 46]. 


Summarizing, huge volumes of surfactants are used every day, entering the environment, 
where these compounds and/or their degradation products may cause damage depending 
on their concentrations. Therefore, it becomes necessary developing reliable analytical 
methodologies that allow determining the levels of surfactants in environmental matrices, 
which may be complicated due several reasons. First, surfactants are often sold as 
commercial mixtures which can comprise hundreds of different homologues, isomers 
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Figure 2. Flowsheet and sampling points of a wastewater treatment plant (WWTP). Figure shows mass 
balance of dissolved (d) and adsorbed/precipitated (a) of LAS and non-ionic surfactants. Absolute 
amount (average value in kg/day) and percentage with respect to raw water (adapted from reference 


[15]). 


and/or ethoxymers with different physico-chemical properties. Separation and 
quantification of these components require the use of chromatographic techniques, mainly 
gas chromatography (GC) and liquid chromatography (LC). Achieving a successfully 
identification of every component in the mixture is also desirable for a better understanding 
of their environmental behavior as they may suffer differential degradation or sorption. 
There is also an additional challenge when dealing with target compounds that tend to be 
present at trace levels. In these cases it is necessary to develop reliable extraction, 
purification, and preconcentration protocols in order to remove as many interferences as 
possible before analysis without sacrificing high recovery values. Some of the techniques 
used to this end are also based on chromatographic techniques, such as solid phase 
extraction (SPE), directly derived from column chromatography. Thus, in this chapter we 
present the main problems posed by analysis of surfactants in environmental samples from 
two points of view: 


e Isolation and/or preconcentration of surfactants from different types of samples; 
e Separation, identification and quantification of analytes in properly prepared extracts. 


2. Sample pre-treatment 


Correct sampling of environmental samples is indispensable to provide representative 
information of the environmental compartments from which they are taken and, on the 
other hand, it is important to preserve the target compounds during storage [1]. Generally, 
water samples are often immediately preserved upon collection by the addition of biocides 
such as formaldehyde up to a concentration of 4% [17, 47], chloroform or sodium azide [20], 
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or by filtering through a 0.45 um membrane filter [16]. Then, aliquots are kept at low 
temperatures and are often analyzed within a short period of time (48 h) in order to 
minimize the biodegradation of surfactants. Solid samples (sewage sludges, soils or 
sediments) are also kept at low temperature once they are collected to avoid any 
degradation of the analytes during the transport to the laboratory. Later, they are usually 
dried in a heater [47], at room temperature [25], or frozen at -20 °C and later freeze-dried 
[48]. Once dried, samples are milled and strained through a sieve to a particle size of less 
than 2 mm, and then stored at 4 to -20 °C for further extraction and analysis. 


Surfactants are often found at trace levels (ppb or less) in environmental matrices, 
frequently below the limits of detection of most analytical techniques. Therefore, it is 
necessary to carry out not only their extraction but also their isolation and preconcentration 
to achieve proper identification and quantification. Those methodologies more commonly 
used at this preliminary stage are commented next for both solid and aqueous samples. 


2.1. Extraction from solid samples 


For several decades now, Soxhlet extraction and solid-liquid extraction (SLE) have been 
the most commonly used techniques for the extraction of surfactants and many other 
organic compounds from solid matrices. These methodologies are cheap and allow simple 
extraction, although they have also several disadvantages, including the large volume of 
solvent needed (from 150 to 500 mL [27, 49, 50]), the long time required, which can take 4- 
18 hours per sample [20, 51, 52], and the production of toxic liquid wastes. Soxtec is an 
alternative extraction method based on Soxhlet, but the addition of several boiling and 
rinsing steps reduces the extraction time to 45 min and solvent consumption to 50-100 mL 
[53, 54]. Application of ultrasounds followed by centrifugation or filtration to separate 
extracts from solid matrices is another cheap option for extracting surfactants due to the 
high extraction efficiency in a short time [40, 55, 56]. On the other hand, it also shows the 
same problems than SLE and Soxhlet extraction (high volume of organic solvents and 
toxic wastes). Table 1 summarizes the conditions used for the extraction of surfactants 
employing these conventional extraction techniques. As example, LAS and _ their 
degradation intermediates, sulfophenyl carboxylic acids (SPCs), have been extracted from 
sediments using methanol (MeOH) as solvent [50, 52, 57, 58] by means of Soxhlet 
extraction and SLE. For APEOs and their metabolites, methodologies have been similar to 
those used for LAS [30, 59, 60], although methanol tends to be substituted by other less 
polar solvents (e.g., hexane [51] or dichloromethane (DCM) [61]), in order to enhance the 
extractability of the more hydrophobic compounds such as nonylphenol (NP). With 
respect to the extraction of aliphatic surfactants (AEOs and AES) and their main 
degradation products (polyethylenglycols, PEGs) from solid matrices, most authors have 
employed methanol [19, 40, 62, 63] and dichloromethane [55, 64] during Soxhlet or Soxtec 
extraction, SLE and sonication. There are still a few studies dealing with the application of 
all these techniques for extraction of QACs [26, 27, 65], but acidified methanol is used as 
solvent in most cases. 
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Analytes Matrix Method Solvent 


LAS, AES, 
AS 


Soxhlet, 


PLE MeOH 


Sediment 
Hexane/ 
isopropanol, 
Hexane/ acetone 


Soxhlet, 


NPEO, NP Sediment ae 
Sonication 


Sediment, 


ae sludge 


Soxhlet MeOH/ HCl 


Other conditions 
Time: 5h, 


Temperature: 125 °C 


Pressure: 1500 psi 


Time: 18 h, 
Not spec. 


Time: 18h 


Clean-up Ref. 


SPE (C18) [62] 


SPE (cyanopropil) [51] 


LLE (CHC, water) [20] 


NPEO, 
OPEO, AEO 
LAS 
NPEO, 
OPEO, NP, 
OP, AEO 
LAS, SPC, 
NPEO, 
NPEC, AEO, 
PEG 


Sludge SLE DCM Time: 2h [64] 


Soil Soxtec MeOH Time: 45 min [54] 


Sludge 


Soxtec MeOH Time: 45 min SPE (C18) [53] 


Sediment Sonication Time: 30 min x3 SPE (HLB) [40] 


LLE (CHCl, water) 
+ SPE (anion 
exchange) 

SPE (aminopropyl 
silica) + LC 
column (C18) 


QAC Sediment Sonication MeOH/ HCl Time: 1hx3 [65] 


NP1-3EO, 


OP1-3EO Time: 7 min 


Sediment Sonication [60] 


Table 1. Overview of conventional extraction techniques applied to the extraction of surfactants and 
their metabolites from solid samples. 


New extraction methods have been developed within the last decade not only to save time, 
but also to reduce solvent consumption without losing extraction efficiency. Table 2 shows 
some examples of the application of new techniques for the extraction of surfactants from 
solid environmental matrices. Microwave-assisted extraction (MAE) is suitable for the 
extraction of different anionic [66] and non-ionic [67] surfactants from sediments and 
sludges. Extractions are often achieved quickly at 120 °C using low solvent volumes (mainly 
MeOH [68] or DCM/MeOH [69]). Another advantage of MAE is that it can also be combined 
with Soxhlet extraction [70] in order to increase its efficiency. Less solvent demand and 
higher extraction rates compensate the high initial cost of acquiring a MAE unit. Pressurized 
fluid extraction (PFE), also known as accelerated solvent extraction (ASE) or pressurized 
liquid extraction (PLE), is a technique based on the use of high temperatures (100-200 °C) 
and pressures (1500-3000 psi) to prevent solvents from boiling and to increase the kinetics of 
extraction. Therefore, PLE allows a faster extraction of organic compounds from solid 
samples (15-20 min per sample) with a lower uptake of organic solvent than more 
conventional techniques and without sacrificing high recovery values. Recently anionic [62, 
71], cationic [72] and non-ionic [47, 73, 68] surfactants have been extracted using PLE and 
methanol or mixtures containing hexane, acetone, acetonitrile (ACN) or even water as 
solvents. However, Petrovic et al. [74] observed the volatilization of some APEOs and their 
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metabolites under these conditions, so they suggested keeping the extraction temperature 
under 60 °C in this case. Supercritical fluid extraction (SFE) is another extraction technique 
that has been recently applied to the extraction of ionic and non-ionic surfactants, using COz 
[75] or water [25] instead of toxic organic solvents to carry out the extraction in a short time 
and without requiring further clean-up steps [26]. Sometimes, the mobile phase (CO2, H2O) 
is modified with the addition of low molecular weight alcohols (e.g., MeOH) to improve the 
efficiency in the extraction of polar or ionic compounds [76, 77]. However, better extraction 
recoveries for nonpolar compounds, possibility of using water as extraction solvent and 
automation of PLE has result in a lower interest of using SFE instead PLE for extraction of 
surfactants. 


Analytes Matrix Method Solvent Other conditions Clean-up 
LAS, SPC, Sediment PLE MeOH Time: 15 min SPE (C18) 
AES, AS, Temperature: 120 °C 
NPEO, APEC, Pressure: 1500 psi 
AEO 
LAS, SPC Soil MeOH/H20 Time: 15 min SPE (C18) 
Temperature: 120 °C 
Pressure: 1500 psi 
NP1-sEO, OP1. Sediment Acetone/hexane Time: 15 min SPE (aminopropyl 
5EO, NP, OP Temperature: 100 °C silica) 
Pressure: 1500 psi 
QAC Sediment PLE ACN/H20 Temperature: 120°C — SPE (polymeric) 
Pressure: 1500 psi 
NPEO, NP Sediment Soxhlet, MeOH Time: 10 h, LC column 
PLE, MAE Time: 10 min (alumina) 
Temperature: 100 °C 
Pressure: 1500 psi, 
Time: 20 min 
LAS Sludge CO2 Time: 15 min Not required 
QAC Sludge CO2/MeOH Time: 45 min LLE (CHCl, water) 
+ LC column (anion 
exchange) 
LAS, AS, AES, Sludge Time: 27 min SPE (carbograph 4) 
AEO, NPEO, 
NPEC, AP 
NP, OP Sediment MAE DCM/MeOH Time: 25 min SPE (polyestyrene- 
divinylbenzene) 
LAS Sludge MeOH Time: 10 min Not required 


Table 2. Overview of modern extraction techniques applied to the extraction of surfactants and their 
metabolites from solid samples. 
2.2. Purification and preconcentration 


There is a wide variety of techniques to carry out purification and preconcentration of 
extracts from solid samples, as well as aqueous samples, before proceeding with analysis of 
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surfactants and their degradation metabolites. Liquid-liquid extraction (LLE) is among the 
first techniques that have been widely applied for the extraction of ionic and non-ionic 
surfactants. Target compounds are isolated from the sample according to their relative 
solubilities in two different immiscible o partially miscible liquid phases, usually water and 
an organic solvent. Several cationic [20, 65] and anionic compounds [78, 79] have been 
extracted from aqueous samples using chloroform, whereas dichloromethane [80] and ethyl 
acetate [81] have been used to isolate non-ionic surfactants from water. The main advantage 
of LLE is that it can be used to determine total concentration of these compounds in water in 
spite of their solid particle matter level. However, the tendency of surfactants to concentrate 
at phase boundaries leads to the formation of emulsions, and phase separation during LLE 
becomes very difficult. This can be avoided by the formation of liphopilic ion pairs between 
surfactants and ion-pair reagents [1] (e.g., disulphine blue dyes or LAS for cationic 
surfactants [65, 77, 82], methylene blue [78, 79, 83] or methylene green for anionic 
surfactants [84], modified Dragendorff reagent for non-ionic [81]). 


Nowadays, solid-phase extraction (SPE) is the most extended purification and 
preconcentration technique for surfactants. LLE requires large amounts of sample (100-500 
mL) and high consumption of toxic organic solvents, while SPE is generally faster and needs 
lower sample and solvent volumes (7-100 mL and 5-20 mL, respectively). Briefly, SPE 
consists on passing the aqueous sample or extract (mobile phase) through a specific material 
(solid phase) that retains analytes whereas water, salts and other interferences are discarded. 
Later, target compounds can be eluted from the solid phase using a minimal amount of 
solvent (few milliliters) so a clean and low volume extract is obtained. Table 3 shows general 
information about protocols developed for the isolation of surfactants using both SPE and 
LLE. SPE has been widely applied to isolate anionic surfactants from aqueous samples. 
More specifically, octadecylsilica (C18) has been used as the main solid phase to extract LAS 
and their degradation products (SPCs) from water samples [62, 71], while methanol is 
commonly employed as elution solvent. Due to the negative charge of these analytes, strong 
anionic-exchange (SAX) resins have been also employed, alone or combined with C18, for a 
better purification [52, 85], using a mixture of methanol and hydrochloric acid as elution 
solvent [57, 58]. Lowering the pH of the sample and/or adding significant amounts of salts 
such as sodium chloride [52, 71] (salting-out effect) is also convenient to improve the 
retention of most polar components (e.g., SPCs). Other authors have preferred using 
graphitized black carbon (GBC) [29, 86] or polystyrene-divinylbezene SDB-1 cartridges [87] 
instead, also showing good extraction recoveries. Other anionic surfactants (AES and AS) 
have been successfully isolated by octadecylsilica [62, 85] and GBC [25, 88] SPE cartridges 
from river, marine and wastewater samples, as well as sludge and sediment extracts. 
Regarding non-ionic surfactants, a wide variety of different protocols has been developed to 
extract AEOs and APEOs and their degradation products from liquid samples. Thus, GBC 
[89, 90] and silica (C2 to C18) cartridges [53, 91, 92], along with methanol, dichloromethane, 
ethyl acetate and/or acetonitrile as elution solvents, have been employed, sometimes 
combined with strong cationic-exchange (SCX) and SAX cartridges [90, 92] for the removal 
of potential anionic and cationic interferences as non-ionic compounds are not retained due 
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to their neutral charge. Additionally, octadecylsilica has been applied to extract the most 
hydrophobic group of NPEOs metabolites, constituted by NP and short chain oligomers 
(NP13EOs), using mainly methanol, acetone or dichloromethane as elution solvents [60, 73]. 
SAX disks have been also used instead of conventional SPE cartridges to isolate 
nonylphenol polyethoxycarboxylates (NPECs), NPEO polar degradation products, from 
sludge extracts. Cassani and co-workers [93] also employed disks (C18) for determination of 
AEOs in sludge samples and wastewaters. Overall, most authors employ C18 [47, 55] and 
GBC cartridges [25, 88] because they are suitable for simultaneous isolation of a wide range 
of anionic (LAS and AES) and non-ionic (AEOs and NPEOs) surfactants, as well as their 
polar metabolites (PEGs, NPECs and SPCs), in a single stage by fractional elution using 
mixtures of hexane, dichloromethane, methanol, acetone and ethyl acetate. New polymeric 
materials are also currently being tested for the extraction of these compounds [51, 73, 69]. 
Thus, the hydrophilic-lipophilic copolymer Oasis HLB has been presented by Lara-Martin 
and co-workers [40] as an alternative for the simultaneous isolation of LAS, NPEOs, their 
carboxylated metabolites (SPCs and NPECs), and AEOs and their polar degradation 
intermediates (PEGs) from liquid samples in one single purification step. On the other hand, 
research on the isolation of cationic surfactants using SPE from water samples [94-97] and 
sediment extracts [72] is more limited. Nonpolar silica sorbents (e.g., C18) are not suitable 
for QACs because the strong interaction of these compounds with the silanol groups results 
in very broad elution bands [98]. This issue has been partially solved employing neutral 
polymeric sorbents instead [72, 96], although better results are obtained using sodium 
dodecyl sulphate (SDS) hemimicelles attached to alumina or anion exchange resins [94, 95, 
97]. Despite this, LLE is still considered to be more effective than SPE for extraction of 
cationic surfactants from liquid samples [27]. 


In the past few years, advances in SPE have led to new related techniques such as matrix 
solid-phase dispersion (MSPD), which is used to extract and purify target compounds 
simultaneously from solid matrices. In the case of surfactants, this extraction protocol has 
been mainly applied to fish samples [99], where aliquots are taken and mixed with octadecyl 
silica in a column, in order to isolate LAS and SPCs, as well as non-ionic surfactants. 
Afterwards, strong non-polar solvents (e.g., hexane) and methanol are used to remove fats 
in a first clean-up stage and to extract surfactants after another elution, respectively. There 
are other simple and low cost extraction techniques which reduce the time needed for 
sample preparation, and decrease or eliminate solvent consumption [100-111]. As example, 
dispersive liquid-liquid microextraction (DLLME) is a novel method based on the migration 
of analytes to a cloudy solution, caused by the dispersion of the extraction solvent (low 
soluble in water, e.g., chloroform) as very fine droplets due to the appropriate mixture with 
a dispersant (soluble in water, e.g., acetone) in the aqueous sample. Then, these dispersed 
fine particles of the extraction phase containing analytes are sedimented in the bottom of a 
test tube by centrifugation [100]. The main difficulties associated with DLLME are the 
vulnerability of solvent drop to physic forces and automation issues. This problem of 
physical instability could be solved by the application of hollow fiber membranes which are 
impregnated by an organic solvent (e.g., 1-octanol) and placed into the water sample for 
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Analytes Sample Method Solid Isolation conditions 
volume phase 
QAC 100 mL LLE z Solvent: chloroform (15 mL) 
Washing: water 
lon-par reagent: Patent Blue V 
LAS, SPC 500-1000 mL Solvent: chloroform (3 x 4 mL) 
Ion-par reagent: methylene green 
NP12EO, NP,OP = 300 mL Solvent: DCM (300 mL) 
QAC 20 mL Solvent: chloroform (5 mL) 
Ion-par reagent: disulphine blue 
LAS, AES, AS 10-200 mL C18+SAX 1. Conditioning: MeOH, water 
(LAS) 2. Washing: MeOH/water 
3. Elution: MeOH + HCl/MeOH 
C2 (AES, 1. Conditioning: 
AS) MeOH/isopropanol, water 
2. Washing: water 
3. Elution: MeOH/isopropanol 
50-2000 mL C2+SCX+ 1. Conditioning: Not spec. 
SAX 2. Fractionation: ACN 
3. Fractionation: MeOH/ethyl 
acetate/water 
QAC 50 mL Alumina 1. Passing solution with SDS 
2. Elution: MeOH 
NPEO, NPEC 100 mL GBC 1. Conditioning: DCM, DCM/formic 
acid, MeOH, acidified water 
2. Washing: MeOH/water, MeOH 
3. Elution: DCM/formic acid 
LAS, SPC 25-250 mL C18+SAX 1. Conditioning: MeOH, water 
2. Washing: water, acidified water 
3. Elution: MeOH + acidified MeOH 
QAC Strata-X 1. Conditioning: ACN, water 
2. Washing: water 
3. Elution: ACN/acetic acid/water 
LAS, NPEO, 200 mL 1. Conditioning: MeOH, water 
NPEC, AEO, 2. Fractionation: hexane/DCM 
PEG, NP, OP 3. Fractionation: MeOH/DCM 


Table 3. Overview of LLE and SPE techniques used for clean-up and preconcentration of surfactants 
from environmental samples. 


equilibrium extraction of the target compounds. Finally, the fiber is removed from the 
sample and extracted analytes are desorbed by diffusion into a different solvent (e.g., 
MeOR) [101]. This technique has been recently applied to isolation of cationic [101, 102], 
non-ionic [103] and anionic surfactants [104] from aqueous samples. Solid-phase 
microextraction (SPME) and stir-bar sorptive extraction (SBSE) can be also considered for 
rapid isolation of surfactants. Both techniques are based on the diffusion of analytes from 
the sample directly, without requiring any organic solvent, into a fiber or bar made of a 
specific polymer. The amount of polymer changes from 0.5 uL in SPME fibers up to 300 uL 
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in SBSE bars, therefore improving the sensitivity of target compounds. Different types of 
fibers have been tested during application of SPME for isolation of anionic 
(polydimethylsiloxane (PDMS) [105], polyacrylate (PA) [106]) and non-ionic surfactants 
(carbowax/template resin (CWAX/TR) [107], PDMS/divinylbenzene (DVB), PA [108]). So far, 
the use of SBSE is limited to the extraction of NP and octylphenol (OP) from liquid samples 
[109]. Once they are captured by the polymer in the fiber or the bar, analytes are released by 
heat in the injection port of GC systems (thermal desorption), or by reduced amount of 
solvents before injection on LC systems (liquid desorption). 


3. Separation, identification and quantification of synthetic surfactants 


Over the last decades, analysis of surfactants in environmental samples has been carried out 
using several instrumental techniques. So far, spectrophotometric, potentiometric 
titrametration (PT) and tensammetric tecniques have been optimized to measure the total 
content of ionic [112-114] and non-ionic surfactants [115, 116], although their sensitivity 
and/or specifity tend to be low compared to chromatographic techniques coupled to several 
types of detectors. Generally, one of the main applications of spectrophotometric techniques 
has been routine environmental analysis due to their quickness and simplicity. They involve 
the formation of ion associates of analytes with specific ion-pair reagents and _ their 
extraction into appropriated organic solvents. After phase separation, the absorbance of the 
organic phase is measured. However, despite the advantages described above, the use of 
spectrophotometry generates very toxic wastes (e.g., chloroform) and is only limited to the 
analysis of total amount of surfactants [117-119]. PT and tensammetric techniques [120, 121] 
are based on the changes in electric properties caused by the presence of analytes in 
environmental samples. They can be only applied to the determination of total ionic and 
nonionic compounds, being impossible for both techniques to discriminate among 
individual components from surfactant mixtures. Besides, there are also issues associated 
with reproducibility and signal stability [113]. Nowadays, it is necessary to go beyond 
quantification of the total concentration of target analytes and, in most cases, 
chromatographic techniques (gas chromatography, GC, or high-performance liquid 
chromatography, HPLC) coupled to various types of detectors are preferred to separate and 
identify each individual compound from surfactant mixtures. 


3.1. Gas chromatography 


Less frequently used than HPLC for analysis of surfactants, the main drawback of GC is that 
all anionic and non-ionic compounds and their metabolites need to be derivatized with 
specific agents to solve sensitivity, separation or volatilization issues before injecting them into 
the system. Most commonly used derivatizing agents are trifluoroethanol [29, 58], 
diazomethane [84], N,O-bis(trimethylsilyl)trifluoro acetamide (BSTFA) [53, 59, 122], acetic 
anhydride [61, 109] and hydrogen bromide [90], among other reactants. In any case, some low 
molecular mass metabolites of non-ionic surfactants (NP and short-chain NPEOs) have been 
analyzed directly by GC [67, 80] as they are volatile enough, although better results can be 
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obtained if derivatization is performed. There are also some advantages in using GC over 
HPLC. Thus, GC columns have a better capability for achieving complete separation of 
homologues and isomers of many surfactants after derivatization. This may be a key aspect for 
those studies on the biodegradability or toxicity of surfactants such as LAS or NPEO, which 
can change depending on the length of the alkyl chain and/or the position of the phenyl ring 
[123] (Figures 3a and b). In most cases, anionic and non-ionic surfactants have been separated 
by nonpolar capillary columns containing 5%-pheny]l-95%-dimethylpolysiloxane (e.g., HP-5 
[58, 75, 67], SE-54 [76], DB-5 [84, 103, 109]), and a mobile phase comprised of high purity 
helium as carrier gas with a flow rate from 0.58 to 3.4 mL/min. Regarding cationic surfactants, 
the application of GC to their separation and analysis has not been mentioned in any paper so 
far [1]. Table 4 describes general information about some analytical protocols for 
determination of anionic and nonionic surfactants by means of GC in environmental samples. 


Several types of detectors can be used after gas chromatography for the analysis of target 
compounds, such as flame-ionization detectors (FID), which were used for the analysis of 


(a) 


294 s/n: 1824 C11-LasS 
4 3 
8.45% 
s/n: 1878 
498 654 3 2 C12-LAS 
6.13% 2 
7*6 5S s/n:288 C13-LAS 

422 43 

1768 1888 1988 2888 2108 

28.33 29.99 31.66 33.33 34.99 36 .66 38.33 


Figure 3. Selected GC-EI-MS characteristic ion chromatograms from a river sample, showing resolution 
of the derivatives of (a) LAS [145], and (b) NP and NP1EO (with their corresponding mass spectra) 
[144]. 
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anionic surfactants in water samples [124]. Nowadays, single quadrupole (MS) or tandem 
mass spectrometers (MS-MS) are commonly preferred because they allow unequivocal 
identification of analytes by measuring their parent masses and displaying specific 
fragmentation patterns after their ionization and rupture, respectively. Hence, there are 
several papers dealing with the analysis of anionic and non-ionic surfactants using GC 
coupled to MS [69, 105, 108] or MS-MS [125]. Target compounds can be detected by electron 
impact (EI) or chemical ionization (CI), being more widely used the first mode, although 
higher sensitivity may be reached using CI for analysis of some anionic compounds. 


Target Matrix 
compounds 
LAS Wastewa 
ter, 
seawater 


NP13EO, NP River 


NP1-3EC water, 
wastewa 
LAS, SPC ter 
AEOs Wastewa 
(Ci2-Cis) __ ter, river 
water 


NP1-2EO, NP Marine 
sediment 


NP, OP River 


water 


NP,OP River 
water, 


sediment 


Sample 
preparation 
Ion pair SPME 


Derivatization in 


GC injection 
port (tetrabutyl 
ammonium) 
SPE (without 
derivatization) 
Derivatization 
(C3H7OH/ 
CH3COCI) 
Derivatization 
(SOCL/ 
CF3CH20H) 
SPE 
Derivatization 
(HBr) 


MAE, SPE 
(without 
derivatization) 


DLLME 
Derivatization 
in situ (methyl 
chloroformate) 


MAE, SPE 
Derivatization 
(BSTFA) 


Recovery 
(%) 


81-90 (NP) 


75-112 
(LAS, SPC) 


65-102 


100 


88.3-106.7 


77-109 


Mobile 
phase 


Helium 


Helium 
(2 
mL/min) 


Helium 
ql 
mL/min) 


Helium 
(1 
mL/min) 


Column 


BPX5 
(capillary 
column, 30 
m, 0.25 mm 
ID, 0.25 um) 
DB-5 
(capillary 
column, 30 
m, 0.25 mm 
ID, 0.25 um) 


Rtx-1 
(capillary 
column, 60 
m, 0.25 mm 
ID, 0.25 um) 
HP-5 
(capillary 
column, 30 
m, 0.25 mm 
ID, 0.25 um) 
DB-5 (fused 
silica 
capillary 
column, 30 
m, 0.25 mm 
ID, 0.25 um) 
HP-5 
(capillary 
column, 30 
m, 0.25 mm 
ID, 0.25 um) 


Detection 


EI(+)-MS 


EI/CI(+)- 
MS 


EI(-)-MS 


EI(+)-MS 


EI(+)-MS 


EI(+)- 
MS-MS 


LOD/ 
MLD 
0.16- 

0.8 ng/ 
mL 


<0.01 


pg/L 
(LOQ) 


0.001- 
0.01 
mg/L 


100 ng 


0.002- 
0.03 


pg/L 


0.01- 
0.1 
ng/L 
0.08- 
0.14 


ng/g 


Ref 


[105] 


[29, 
143, 
144] 


[90] 


[67] 


[103] 


[125] 


Table 4. Key aspects of GC analysis of surfactants in different environmental matrices. 
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3.2. Liquid chromatography 


High-performance liquid chromatography (HPLC) is currently the most commonly used 
technique for separation and analysis of commercial mixtures of surfactants in the 
environment, mainly due to its advantages over GC because HPLC is suitable for 
determining non volatile analytes from low to high molecular weight and derivatization is 
unnecessary in most cases. Reverse-phase columns, mainly RP-18 [47, 96, 106] and RP-8 [52, 
95], are often employed for chromatographic separations of anionic, non-ionic, cationic 
surfactants and their degradation products. Mobile phases are solvent mixtures containing 
deionized water, acetonitrile and/or methanol. Separation can be improved by adding some 
additives (e.g., ammonium acetate (AMAC), triethylamine) to the mobile phase, as well as 
acetic (AA) or formic acid (FA) as modifiers [72, 71, 89]. There are also a few works showing 
efficient separation of NPEOs ethoxymers, some of their metabolites [126] and QACs [101] 
by amino-silica or cyanopropyl normal phase columns, although the elution order is 
reversed (more hydrophobic compounds, such as NP, elute first and NPEOs last). In these 
cases, stronger non-polar solvents (e.g., hexane, chloroform and isopropanol) are preferred. 
Additionally, some researchers have used new stationary phases that are specific for the 
separation of ethoxylated surfactants. As example, Lee Ferguson and co-workers [60, 127] 
tested a mixed-mode HPLC system using a column packed with a polymeric phase capable 
of separating NPEO and NP components by both size-exclusion and reversed-phase 
adsorption mechanisms (Figure 4a). Other authors have also applied this technique with 
some modifications to quantify OP and octylphenol ethoxylates (OPEOs) in environmental 
samples [73]. Alternative packing materials containing hydrophobic (alkyl chains) and 
hydrophilic (amide) functional groups to improve the simultaneous separation of cationic, 
anionic and non-ionic surfactants have also been occasionally employed [128]. 


Some surfactant classes (e.g., LAS and NPEOs) and their metabolites are still good 
candidates, due to the presence of an aromatic ring in their molecular structure, to be 
analyzed by the first quantitative methods based on the use of HPLC coupled to ultraviolet 
(UV) or fluorescence detectors (FL) [68, 66, 126, 129, 130]. The presence of a benzene group 
also facilitates the use of UV for identifying some specific cationic surfactants such as 
benzalkonium chlorides (BACs) [97]. Moreover, HPLC coupled to FL detector was 
employed by Natkae and co-workers [131] to achieve partial separation of positional 
isomers and obtain information on the alkyl chain distributions of LAS in river water 
samples. However, aliphatic surfactants (e.g., AEOs and AES) have not been monitored so 
much due to their lack of UV absorbance or fluorescence. Prior derivatization using phenyl- 
isocyanate [132], naphthyl isocyanate and naphthyl chloride (NC) [88, 133], among others, 
must be carried out. Nowadays, however, this kind of surfactants, along with LAS, NPEOs 
and many other organic microcontaminants, are preferably determined by HPLC-MS, which 
offers several advantages over other detectors such as sensitivity, selectivity, and 
simultaneous identification and confirmation of multiple analyte classes by means of their 
molecular weight, retention time and mass spectra. In this sense, considerable progress has 
been achieved in the environmental analysis of surfactants over the last decade due to the 
development of atmospheric pressure ionization (APCI) or electrospray ionization (ESI) 
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interfaces that allow coupling HPLC to MS. Before this, mass spectrometry was used only 
for identification of a wide range of surfactants from their mass spectra by flow-injection 


analysis (FIA) [134]. 
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Figure 4. (a) Mixed-mode HPLC-ESI-MS total current ion chromatogram of NPEOs (A= NP, B=n- 
NP3EO, 0=NP, 1=NPiEO, etc.) from a sediment sample, switching MS polarity from positive to negative 


ion mode at retention time 25.8 min [60]; (b) UPLC-ESI-MS- 


MS extracted ion chromatograms showing 


the occurrence of NPEO metabolites in a sediment sample [44]; and (c) HPLC-MS-MS chromatogram of 


a standard solution of QACs [141]. 
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Among different types of mass analyzers used for the identification and quantification of 
surfactants, there are several authors that have employed single quadrupole HPLC-MS 
systems operating in selected ion monitoring (SIM) mode [25, 55]. However, isobaric 
interferences may lead to sensitivity and resolution issues, which have been commonly 
solved by means of triple quadrupole [27, 106, 135] or ion trap MS detectors [47, 94]. In 
recent years, both techniques, especially the first one, have been the main tool for trace 
analysis of surfactants and many other organic contaminants because their respective MS- 
MS (triple quadrupole) and MS® (ion trap) capabilities allow scanning for daughter ions, 
increasing sensitivity and selectivity (especially for analysis of environmental samples 
which contain compounds showing the same molecular ions and retention times than those 
for selected analytes) [72] (Figures 4b and c). As example, discrimination and quantification 
of the 20 positional isomers of LAS was achieved recently by Lunar and co-workers [136] by 
monitoring specific fragment ions resulting from the benzylic cleavage of the carbon alkyl 
chain on both sides of the LAS phenyl group. As a drawback of this type of MS detectors, 
there is a limited number of predetermined ions that can be monitored during a single 
experiment and, although less frequent than in single quadrupole MS, interferences may 
lead to overestimation in the concentration of target compounds. Time-of-flight (ToF) LC- 
MS systems are less commonly used than other MS analyzers for environmental analysis of 
surfactants, but their full scan spectral sensitivity in a wide mass range and accurate mass 
measurement allow the identification and quantification of a large number of target, non- 
target surfactants and their metabolites in all kinds of matrices [40, 65, 137], constituting a 
recent alternative to address the issues mentioned above. Occasionally, hybrid systems like 
quadrupole time-of-flight (Q-ToF) detectors have been applied to determine a wide range of 
surfactants and some of their degradation products, such as alkylphenols and their 
carboxylates, in textile wastewaters [138], or to identify for the first time the molecular 
structure of LAS anaerobic degradation metabolites [139], although due to their high cost 
and relatively lower sensitivity compared with HPLC-MS-MS they are not often used for 
routine analysis of these compounds in environmental samples. 


Table 5 provides general information about some analytical procedures aimed to the 
determination of surfactants in different environmental matrices by HPLC-MS (and some 
other detectors). So far, LAS and SPCs have been determined in both freshwater [71] and 
marine environments [40] using several kinds of MS detectors coupled to HPLC under 
negative ion (NI) mode due to the presence of a sulfonate group. Quasi-molecular ions [M-H]- 
and a characteristic fragment m/z = 183 were used for their identification and quantification. 
AES have also been monitored in aquatic systems [62, 140] in a similar way, but m/z = 97, 
corresponding to HO — SOs, was selected as the main fragment ion. On the other hand, 
identification of QACs relies upon measurement of their molecular ions (M*) in positive 
ionization mode (PI), and further confirmation can be achieved by mass measurement of 
main characteristic ions such as m/z = 60 for alkyltrimethylammonium chlorides (ATACs) 
[141] or m/z = 91 for BACs [94]. Non-ionic surfactants lack charge or acid/base functional 
groups, so the most widely used option for ionization of ethoxylated compounds, such as 
NPEOs and AEOs, is to form adducts as the oxygen atoms in the polyethoxylate chain can 
donate their free electrons to a selected cation agent and the flexible structure of the chain 
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Target 
analytes 


BAC, 
DADMA 
C 


LAS, SPC 


NPEO, 
NP 


LAS, 
SPC, 
NPEO, 
NP1-2EC, 
AEO, 
PEG 


AEO, 
NP1-3EO, 
NP, 
NP12EC 


BAC, 
ATAG, 
DADMA 
Cc 
QAC 


Matrix 


Marine 
sediment 


Seawater, 
marine 
sediment 


Marine 
sediment, 
sewage 


Sewage, 
marine 
sediment, 
seawater, 
s. solids 


Marine 
sediment 


River 
sediment, 
sludge 


River 
water, 
sewage 


Sample 
treatment 


Sonication, 
LLE, SPE 


Soxhlet, SPE 


Sonication, 
SPE 
LLE 


Sonication, 
SPE 


Sonication, 
SPE 


Soxhlet, 
LLE 


Microporou 
Ss 
membrane 
liquid- 
liquid 
extraction 


Recovery 
(%) 


98-118 
(DADMA 
C) 


75-105 


64-127 
(sediment) 


26-117 
(AEOs, 
PEGs) 
60-108 
(NPEOs, 
NP12EC) 
37-101 
(LAS, SPC) 
34-88 


67-95 


Mobile phase 


ACN/F20, 
isopropanol, 
FA, AMAC 


MeOH/F20, 
H20, 
tetraethyl 
ammonium 
hydrogensulfa 
te 
H20, MeOH, 
sodium 
acetate 


ACN, H20, 
FA, 
ammonium 
formate 


ACN, H20, 
FA, 
ammonium 
formate 


ACN/E20, 
isopropanol, 
FA, AMAC 


Chloroform, 
ethanol, 
ammonia, 
heptanoic acid 


Column 


Luna C18 
(150 mm, 
2mm, 5 um) 


LiChrosorb 
RP-8 (250 
mm, 4.6 

mm, 


10.6 um) 


MSpak GF- 
310 4D 
filtration 
column 
(150 mm, 
4.6 mm) 
Luna C18 
(150 mm, 


2mm, 5 um) LAS, SPC, 0.1-23.7 


Purospher 
STAR RP-18 
UHPLC 
column (50 
mm, 2mm, 
1.8 um) 
Luna C18 
(150 mm, 
2mm, 5 um) 


Cyanopropyl 
column (250 
mm, 2mm) 


Detection LOD/ 


ESI(+)- 
ToF-MS 


FL 


ESI-MS 
NPEO 
(ESI+) 

NP (ESI-) 


ESI-ToF- 0.1-11.8 


MLD 


0.1-2.6 


ng/g 
(LOQ) 


0.2-0.4 


pg/L 
5-10 


ug/Kg 


0.78- 
37.3 


ng/g 


MS ng/L 
NP12EC  pug/Kg 
(ESI-) 
NPEO, 
AEO 
(ESI+) 
ESI(+)- <0.1- 
MS-MS 27.3 
ng/g 
ESI(+)- 0.6-5 
MS-MS_ ug/Kg 
(LOQ) 
UV 0.7-5 
pg/L 


Ref 


[65] 


[52] 


[127] 


[40] 


[44] 


[27] 


[101] 


Table 5. Key aspects of HPLC analysis of surfactants in different environmental matrices. 
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allows the molecule to “wrap” itself around that cation [64]. Thus, sodium acetate [60, 74], 
ammonium acetate [89, 142] or different acids [53] are commonly added to the samples or to 
the mobile phase to increase the MS response of NPEOs and AEOs and to stabilize the 
generation of [M+Na]*, [M+NH4]* or [M+H]* ions, among others. Additionally, this ability to 
form different adducts can be used to obtain multiple confirmation points in full-scan mode 
[40]. Another advantage of MS compared to other detectors is that several types of 
surfactants can be analyzed within a single run (e.g., NPEOs and AEOs can be separated, 
using an adequate gradient, and later analyzed under PI [53, 64]). Most recent 
methodologies allow simultaneous determination of anionic and non-ionic surfactants and 
their metabolites in environmental samples [47, 55]. 


Today, mass spectrometry is often combined with ultra-performance liquid 
chromatography (UPLC), which uses sub-2-um column particles that provide enhanced 
separation, faster analysis, and improved sensitivity over HPLC, boosting laboratory 
efficiency by saving time and decreasing solvent consumption. Most researchers have 
started to benefit from this combination, although there are still a few examples on its use 
for analysis of surfactants. So far, UPLC-Q-ToF-MS has been used for structural elucidation 
of SPC isomers [139] and for environmental screening of several anionic and non-ionic 
surfactants in wastewater [138]. UPLC-MS-MS [44] has allowed achieving fast analysis (less 
than 10 min per sample) of NPEO metabolites and AEOs at trace levels in aquatic 
environments. 


4. Conclusion 


The assessment of the behavior and final fate of synthetic surfactants in the environment is a 
crucial matter due to the huge volumes of these chemicals that are discharged into aquatic 
and terrestrial ecosystems. A significant number of analytical protocols have been 
developed over the last decades aimed to the individual or simultaneous extraction, 
isolation and determination of different types of surfactants in environmental samples. 
Nowadays, the most widely used sample preparation protocols are based on SPE, directly 
derived from column chromatography. However, the trend is to research on new 
techniques, such as SPME or SBSE, aimed to reduce, or even eliminate, solvent 
consumption, as well as saving money by using reusable fibers and bars rather than 
disposable cartridges. Regarding the separation, identification and quantification of 
surfactants, HPLC-MS and, to a lesser extent due to the non volatility of most analytes, GC- 
MS, are the main tools currently employed as they allow for determination of every single 
homologue, ethoxymer and/or isomer from surfactant mixtures in different environmental 
matrices (solids, water and biota). Most recently, different classes of time-of-flight and triple 
quadrupole mass spectrometers have started to be combined with UPLC, which provides 
enhanced separation, faster analysis, higher confidence, and lower detection limits than 
more conventional HPLC-MS or HPLC-MS-MS approaches, as well as improves 
identification of unknown surfactant metabolites and other non target compounds within 
the same run. 
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5. List of abbreviations 


AA, Acetic acid; ASE, Accelerated solvent extraction; ACN, Acetonitrile; AEOs, Alcohol 
polyethoxylates; AES, Alkyl  ethoxysulfates; AS, Alkyl sulfates; ATACs, 
Alkyltrimethylammonium chlorides; AP, Alkylphenol; APEOs, Alkylphenol 
polyethoxylates; APEC, Alkylphenol polyethoxycarboxylate; AMAC, Ammonium acetate; 
APCI, Atmospheric pressure ionization; BACs, Benzalkonium chlorides; BSTFA, N,O- 
bis(trimethylsilyl)trifluoro acetamide; CWAX/TR, Carbowax/template resin; CI, Chemical 
ionization, DTIDMAC, Dehydrogenated tallow dimethyl ammonium chloride; DADMAC, 
Dialkyldimethylammonium chlorides; DCM, Dichloromethane; DLLME, Dispersive liquid- 
liquid microextraction; EI, Electron impact ionization; ESI, Electrospray ionization; EO, 
Ethylene oxide; CESIO, European Committee of Organic Surfactants and_ their 
Intermediates; FID, Flame-ionization detectors; FIA, Flow-injection analysis; FL, 
Fluorescence detectors; FA, Formic acid; GC, Gas chromatography; GBC, Graphitized black 
carbon; HPLC, High-performance liquid chromatography; HLB, Hydrophilic-lipophilic 
balance; LOD, Limit of detection; LOQ, Limit of quantification; LAS, Linear alkylbenzene 
sulfonates; LC, Liquid chromatography; LLE, Liquid-liquid extraction; MS, Mass 
spectrometry; MSPD, Matrix solid-phase dispersion; MeOH, Methanol; MLD, Method limit 
detection, MAE, Microwave-assisted extraction; NC, Naphthyl chloride; NI, Negative 
ionization; NP, Nonylphenol; NPEOs, Nonylphenol polyethoxylates; NPECs, Nonylphenol 
polyethoxycarboxylates; OP, Octylphenol; OPEOs, Octylphenol polyethoxylates; PA, 
Polyacrylate; PEGs, Polyethylenglycols; SDB, Polystyrene-divinylbezene; PDMS/DVB, 
Polydimethylsiloxane/divinylbenzene; PI, Positive ionization; PT, Potentiometric 
titrametration; PFE, Pressurized fluid extraction; PLE, Pressurized liquid extraction; Q-ToF, 
Quadrupole time-of-flight; QACs, Quaternary ammonium-based compounds; SIM, Selected 
ion monitoring; SDS, Sodium dodecyl sulphate; SLE, Solid-liquid extraction; SPE, Solid 
phase extraction; SPME, Solid phase microextraction; SBSE, Stir-bar sorptive extraction; 
SAX, Strong anionic-exchange; SCX, Strong cationic-exchange; SPCs, Sulfopheny] carboxylic 
acids; SFE, Supercritical fluid extraction; MS-MS, Tandem mass spectrometry; ToF, Time-of- 
flight; UPLC, Ultra performance liquid chromatography; UV, Ultraviolet detectors; WWTPs, 
Wastewater treatment plants. 
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1. Introduction 
1.1. Steroid hormones and hormonal contraceptive drugs 


Generally, progestogens, i.e. progesterone in combination with oestradiol esters, are used 
primarily in the treatment of menstrual irregularities to maintain endangered pregnancies. 
Their derivatives are orally active medroxyprogesterone acetate including 
hydroxyprogesterone caproate, chlormadinone acetate, megestrol acetate. Naturally 
occurring glucocorticoids are often used in medicine such as cortisone, hydrocortisone, 
prednisone and prednisolone (Fig. 1). Depot-medroxyprogesterone acetate (Depot-MPA) is 
commercially available and commonly known as a hormonal contraception used by women. 
It is a synthetic steroid hormone, which mimics natural progesterone, but its contraceptive 
activity has been shown to be about 30 times higher. Depot-MPA is widely used by 
intramuscular administration for long-term contraception [1-3]. 


Research concerning its pharmacokinetics has been performed in order to improve the 
hormonal activity of the drug formulation [2,4]. This will help to standardize the dosage of 
the drug. 


1.2. Determination of MPA in hormonal contraceptive drugs 


Analysis of MPA in plasma or serum has been performed to study its pharmacokinetics and 
to monitor its residual levels in cancer patients after oral or intramuscular administration 
[4,5]. Numerous recent researches for this analysis have been reported concerning the 
method sensitivity and selectivity in association with various instruments including GC, 
HPLC and others [6-15]. However, each of which had their advantages and disadvantages. 
Therefore, development and validation of the method for MPA analysis in spiked blood 
plasma using internal standard by HPLC method with specific derivatizing agents and 
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clean-up by solid-phase extraction have been carried out. The method sensitivity obtained is 
suitable for pharmacokinetics study of MPA. 
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Figure 1. Chemical structure of medroxyprogesterone acetate and prednisolone 


Normally, the levels of MPA found in plasma range from 1.75 to 9.0 ng/mL [5]. Formerly, 
the measurement of MPA in a plasma sample was mostly carried out by radioimmunoassay 
(RIA) [6]. Trace analysis of MPA in dog plasma was achieved using cyclohexane extraction, 
followed by heptafluorobutylic anhydride derivatization and gas chromatography with 
electron capture detector (GC-ECD). However, this procedure could not be applied for MPA 
analysis in human plasma due to its high matrix interference. Attempts have been made to 
optimize the methods for MPA analysis using small amounts of plasma samples [7,8]. 
Quantitative analysis of MPA in plasma by HPLC with ultraviolet (UV) detection was also 
carried out, but did not give satisfactory detection limit [9,10]. The high sensitivity of the 
GC-MS has also been used to monitor the MPA level in human serum [11]. This procedure 
used trifluoroacetic anhydride derivatization of the extracted portion after SPE and gave the 
detection limit down to 0.5 ng/mL. 


Although, HPLC-UV analysis of MPA in plasma has been performed, but its sensitivity was 
about 5 ng/mL [12]. In order to enhance both selectivity and sensitivity, recent method 
development and validation of MPA analysis has been focused on HPLC separation with 
various detection systems. HPLC with chemiluminescence detection was used to trace MPA 
in serum via 4-(N,N-dimethylaminosulphonyl) -7-hydrazino-2,1,3-benzoxadiazole as a 
fluorogenic agent [13]. Recently, MPA analysis in plasma sample has been conducted by 
liquid chromatography-electrospray ion trap mass spectrometry (LC-MS/MS) after liquid 
phase extraction and this gave 10 times higher sensitivity than GC-MS [11,14]. 


From these reviews, both GC-ECD and HPLC-UV did not give sensitivity high enough for 
MPA analysis in pharmacokinetic studies. In clinical aspects, the RIA method has a rather 
high sensitivity but sometimes gives positive result due to metabolite interference. Both GC- 
MS and LC-MS/MS are methods of choice with high selectivity and sensitivity, but may be 
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considerably inconvenient for routine analysis due to the high instrument cost. The HPLC 
with amperometric detector (AD) would be a highly sensitive tool. From the molecular 
structure, MPA is a ketone steroid in which the ketone group can undergo reduction. Since 
the reduction is normally easily interfered by oxygen molecule dissolved in mobile phase, 
this may be a problem [15]. Hydrazines including 2,4-dinitrophenyl hydrazine (DNPH) 
have been introduced as an electroactive labeling reagent for carbonyl compounds [16]. 
Until now there is no report of the derivatization of MPA with DNPH (Fig. 2). From the 
chemical structures condensation reaction can occur between the keto group of MPA and 
DNPH to give the MPA-hydrazone which can be detected by HPLC-AD. The optimum 
conditions of DNPH derivatization with MPA were studied. Therefore, development and 
validation of the method for MPA analysis in spiked blood plasma using prednisolone (P) as 
internal standard (I.S.) by HPLC-AD after derivatization with DNPH and clean-up by solid- 
phase extraction have been carried out. The method sensitivity obtained is suitable for 
pharmacokinetic study of MPA. 


NO» 
NH + 
pr os +H 
OoN NH + O=C ——m on NH Ry 
\ 
Ro -H,0 n= 
NO, Ro 
2,4-dinitrophenylhydrazine ketosteroid ketosteroid-2,4-dinitrophenylhydrazone 


Figure 2. Derivatizing reaction between 2,4-dinitrophenylhydrazine and ketosteroids giving their 
ketosteroid-2,4-dinitrophenylhydrazones as the derivatized products. 


2. HPLC-AD analysis of MPA in human plasma: A case study 
2.1. Reagents, standard solution and plasma sample 


Medroxyprogesterone acetate (MPA), 99.27%, used as working standard was obtained from 
A.N.B. Laboratory Co. Ltd. (Thailand). Predinisolone was an analytical reagent (A.R.) grade 
from Sigma (Germany). 2,4-Dinitrophenylhydrazine (Fluka, Switzerland) was also of A.R. 
grade. Methanol (MeOH, Merck, Germany), acetonitrile (ACN, Merck, Germany), di- 
potassium hydrogen phosphate-3-hydrate (BDH, England) and potassium dihydrogen 
phosphate (BDH, England) were of HPLC grade. Other chemicals used were also A.R. grade 
including hydrochloric acid (Merck, Germany). 


Standard stock solution (500 mg/mL) of MPA was prepared in methanol. Dilute standard 
solutions of MPA were also prepared in methanol. The 2,4-dinitrophenylhydrazine stock 
solution used as a labeling reagent (1,000 mg/mL) was prepared by dissolving the hydrazine 
in 1.2 mL concentrated HCI prior to adjusting the final volume to 25 mL with methanol. 


Stock phosphate solution (2 M) was prepared from sodium dihydrogen phosphate 
monohydrate (NaH2POs.H2O) in deionized water. A buffer solution of 30 mM potassium 
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dihydrogen phosphate (KH2POs), pH 3.0 was made by dissolving KH2POs in deionized 
water and adjusting to pH 3.0 with 6 M orthophosphoric acid (H3POs). Mobile phase was 
prepared and used to optimize the separation of the mixture of MPA-DNPH and P-DNPH 
derivatives by amperometric detection (HPLC-AD). The suitable solvent system was 
composed of ACN : MeOH : 30 mM KH2POs (pH 3.0) in the ratio of 39 : 39 : 22 by volume 
according to Snyder et al. [17]. The mobile phase was filtered through nylon membrane (0.45 
um, 47 mm) and degassed for 15 min in ultrasonic bath before use. Sep-pak Cis cartridge, 
100 mg (Waters Associates, U.S.A.) was used. 


Human blood plasma samples were kindly obtained from the Blood Bank, Srinagarin 
Hospital, Khon Kaen University, Khon Kaen, Thailand. 


2.2. Instruments and apparatus 


HPLC system (Perkin Elmer, U.S.A.) used in this study included LC200 HPLC pump with 
electrochemical detector (Coulochem II, ESA, U.S.A.). The standard analytical cell (ESA 5011, 
U.S.A.) consisted of porous graphite working electrode, palladium reference electrode and 
platinum counter electrode. The analytical column used was stainless steel tube packed with 
Hypersil ODS, 5 um particle size (125 x 4.0 mm i.d., Agilent, U.S.A.). Integrator model1022 
(Perkin Elmer, U.S.A.) was used. UV-Visible spectrophotometer (Cecil 3000, England) was 
also used. Analytical balance (AE 200) and pH meter (Delta 350) were from Mettler (U.S.A.). 
SPE manifold-12 place vacuum manifold (Lida, Germany) was used. Autopipette 
(Eppendorf, Germany) with volume adjustments was used throughout the experiment. 


2.3. Method development and validation 
i. Derivatization of MPA with DNPH 


Study on the hydrazine derivatization of MPA was carried out using 2,4- 
dinitrophenylhydrazine (DNPH). The standard solution of MPA (10 mg/mL) was reacted 
with an excess amount of DNPH for an hour. The MPA-DNPH derivative was then injected 
into HPLC with detection at 375 nm [18]. The MPA-DNPH derivatives obtained from 
reacting 0.1 mg MPA with various concentrations (12.5, 25.0, 75.0 and 100.0 mg/mL) of 
DNPH solution in a 2.5 mL capped vial were used to study the effect of DNPH 
concentration and reaction time. 


Prednisolone (P) was also tested for derivatization with DNPH and was used as I.S. There 
should be a single peak and no overlap with any interfering peaks in the sample. The P- 
DNPH derivative was obtained from the reaction of 0.10 g DNPH in 10 mL MeOH and 0.48 
mL concentrate HCl with 0.05 g prednisolone [19]. The reaction mixture was placed on a 
heated water bath at 60°C for 30 min, allowed to cool down to room temperature and 
deionized water (60 mL) was added until the derivative product had completely 
precipitated. The derivative product was filtered through a glass filter and washed with 5 
mL 2 M HCI twice, followed by 50 mL deionized water. It was then recrystallized in a 
mixture of chloroform and methanol prior to use. 


Application of HPLC Analysis of Medroxyprogesterone Acetate in Human Plasma 


ii. Solid-phase extraction of MPA-DNPH derivative 


The clean up method using solid-phase extraction (SPE) was found to be a critical step for 
plasma sample both before and after derivatization with DNPH. Spiked standard plasma 
(MPA 6 ng/mL) was extracted by Sep-pak Cis cartridge using a mixture of MeOH : H20 as 
extraction solvent. The Cis cartridge was first washed with 2 mL MeOH and followed by 2 
mL water. The spiked plasma (2 mL) was added into the cartridge and then washed with 
2 mL water, followed by 250 mL 50%(v/v) MeOH (3x), and the final elution was made 
with 1 mL MeOH. The MPA extract portion was kept for derivatizing with DNPH. The 
solution of DNPH containing 0.1 mg was added into the MPA extract portion and allowed 
to stand for 30 min, followed by 0.9 mL water and 0.2 mL solution of P-DNPH (10 ng/mL). 
The sample of the derivative mixture was then introduced into the cartridge followed by 3 
times rinsing with 1 mL 50%(v/v) MeOH. The cartridge containing MPA- and P-DNPH 
products was washed by 250 mL 50%(v/v) MeOH (3x) and again allowed to stand for 15 
min before elution by 1 mL MeOH. The elute was then dried over a stream of Nz, re- 
dissolved in 60 mL MeOH, then 40 mL MeOH added and 60 mL was injected into the 
HPLC system. 


iii. Analysis of MPA-DNPH by RP-HPLC-AD 


The separation of both MPA- and P-DNPH derivatives was carried out on Hypersil ODS 
column by HPLC-AD (0.85 V) using an electrolyte solvent system as mobile phase with a 
flow-rate of 1 mL/min. The mobile phase of ACN : MeOH : 30 mM KH2POs (pH 3.0) (30: 39: 
22, v/v/v) was used in this experiment after optimization of buffer concentration, pH and 
organic modifier. Both MPA standard solution and MPA spiked plasma sample were 
prepared at the concentrations of 0.5, 1, 2, 4, 6 and 8 ng/mL. 


iv. Method sensitivity of MPA analysis in spiked plasma sample 


Various concentrations of MPA spiked in a plasma sample with 10 ng/mL P-DNPH as LS. 
were extracted by Sep-pak Cis cartridge, and run by HPLC-AD (0.85 V) [20,21]. Limit of 
detection (LOD) is the concentration of MPA giving a peak height 3 times the baseline noise 
(35D) and the limit of quantitation (LOQ) is defined as 10SD. The standard curve was 
obtained from the concentrations of 0.5, 1, 2, 4, 6, 8 and 10 ng/mL. The accuracy and 
precision including recovery were determined at three concentration levels (1, 4 and 8 
ng/mL) of the spiked plasma standard. 


3. Results and discussion 


For method development, studies on derivatization of some hydrazines with MPA had been 
carried out in acidic solution [15]. It was found that DNPH is a suitable reagent. Many 
internal standards having similar core structure which is derivatized with DNPH were also 
investigated by the same manner [19]. Prednisolone was found to be the most suitable 
ketosteroid and its derivatized solid product was prepared. It was eluted along with the 
MPA-DNPH and was used as I.S. throughout the experiment. 


221 


222 Chromatography — The Most Versatile Method of Chemical Analysis 


Effects of derivatization time and concentration of DNPH for MPA analysis were studied. 
The DNPH concentrations used were 12.5, 25, 75 and 100 mg/mL. MPA (100 ng/mL) was 
used to react with various concentrations of DNPH in the ratio of 1 : 1 at room temperature 
and their reaction times were also done up to 180 min (Fig. 3). It was found that 75 mg/mL 
of DNPH gave the highest peak area within 120 min derivatization time. In this study, the 
derivatization time of 30 min wasenough, since the signal output was not significantly 
different from that of 120 min derivatization. 
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Figure 3. Effects of reaction times and concentrations on the derivatization of DNPH with 100 ng/mL 
MPA at room temperature. 


The effect of temperature for 30 min derivatization was also investigated using 100 ng/mL 
MPA and 75 mg/mL DNPH in acidic solution. There seemed to be no effect of temperature, 
except a linear increase of peak area when the reaction was performed at room temperature 
(Fig. 4). Thus, the reaction was rapidly completed at room temperature. 


Concerning on RP-HPLC-AD analysis, the optimization conditions of the HPLC-AD for 
MPA-DNPH analysis were then investigated. Effects of pH (3-6) and buffer concentration 
(10-40 mM) on mobile phase (ACN : phosphate buffer) were carried out. It was found that 
the optimum buffering system was at pH 3.0 and 30 mM phosphate buffer (data not shown). 
In addition, the ratios of organic solvents were investigated and a good separation was 
obtained with the mobile phase of ACN : MeOH : 30 mM phosphate buffer (pH 3.0) at the 
ratio of 39 : 39 : 22 by volume. 


Figure 5 shows the hydrodynamic voltammogram (HDV) of MPA- and P-DNPH 
derivatives. The optimum potential that gave the highest peak area was around 0.8-0.9 V for 
both derivatized products, and 0.85 V was used in this study. 


For method validation, the method limits for detection and quantitation were found to be 
0.2 and 1.0 ng/mL with lower 15% precision and 80 - 120% accuracy, respectively. In Table 1, 
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the results for intra-day and inter-day precision were 5.05 and 11.5 %RSD, respectively. The 
intra-day accuracy ranged from 102.2 - 109.5%. The average recovery was found to be 102.9 
+ 4.4%. It was found that this electrochemical detection was considerably selective and gave 
a working range of 1.0 - 10.0 ng/mL with linear regression: y = (3.17 + 0.12) x — (0.67 + 0.03), r? 
= 0.9985 for n = 5 with %RSD = 2.34 — 7.96. 


600 
—— Room 
temperature 
500 —#— 40 degree celsius 
= 400 —+— 50 degree celsius 
oO 
= 300 
© 
2 
= 200 
o 
o 
a 100 
0 
0 10 20 30 40 


Time (min) 


Figure 4. Effect of temperatures on the derivatization reaction of DNPH (75 mg/mL) and MPA (100 
ng/mL) between 5 min and 30 min. 
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Figure 5. Effect of applied voltammetric potentials on the peak areas of MPA- and P-DNPH derivatives. 
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Concentration Intra-day Inter-day? Recovery‘ 
(ng/mL) RSD (%) RSD (%) (%) 
1.0 7.76 15.4 107.3 
4.0 5.06 9.62 98.55 
8.0 2.35 9.55 102.9 
Mean + SD 5.05 + 2.7 11.54+3.4 102.9+4.4 


Table 1. Intra-day and inter-day precision and method recovery of MPA-DNPH derivative. 
an=5 

‘within three consecutive days 

‘Mean of three determinations 

RSD, relative standard deviation 


Since the method sensitivity of MPA analysis was the main objective of this study, it has 
been shown that the clean-up step, using the SPE method for MPA spiked in human plasma 
sample, was necessary probably due to both the reagent used and the sample interference 
matrices (Fig. 6, a-d). The solution of MPA-DNPH derivative products with excess DNPH 
was not clean enough, so it must be added through the Sep-pak cartridge before being 
separated on the HPLC-AD system. Without the clean-up step, there might be trouble for 
the HPLC column used, which may affect the analytical sensitivity as well. This is the first 
report of the use of DNPH as an electroactive labeling reagent for MPA analysis. 
Development and validation of the HPLC-AD of the derivatized product were then carried 
out. The MPA-DNPH was completely separated from the I.S. within a suitable analysis time 
(Fig. 6, a-d). 
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Figure 6. Chromatogram obtained from (a) blank reagent. (b) standard solution of (1) MPA-DNPH (10 
ng/mL) and (2) P-DNPH as LS. (c) blank of blood plasma sample, (d) blood plasma spiked with (1) 
MPA-DNPH (10 ng/mL) and (2) P-DNPH as LS. (inset, (1) MPA-DNPH, 1 ng/mL). 


Instrument Extraction method Sample size(mL) | LOD (ng/mL) Reference 
GC-ECD? liquid phase 4 1-5 [7,8] 
GC-MS» solid phase 1 0.5 [11] 
LC-MS/MSs liquid phase 1 0.05 [14] 
HPLC-UV4 solid phase 2 4 [9] 
HPLC-PO-Cle liquid phase 0.1 9 [13] 
HPLC-AD* solid phase 2 0.2 This work 


Table 2. Some analytical methods and limits of detection of MPA analysis in plasma samples. 
“electron capture detection of MPA derivative 

'mass spectrometric detection of MPA derivative 

ctandem mass spectrometry 

ultraviolet (254 nm) detection of MPA 

eperoxyoxalate chemiluminescence (Aex/Aem : 480/570 nm) detection of MPA derivative 

fvoltammetric (0.85 V) detection of MPA-DNPH derivative 

LOD, limit of detection 


The plasma sample size used in this study was still rather high (2 mL) for clinical aspects 
when compared with other reports [11,13,14], giving LOD and LOQ of 0.2 and 1.0 ng/mL, 
respectively. Thus, the developed method with electrochemical detection has sufficiently 
high sensitivity when compared with other methods, except for the tandem MS, as shown in 
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Table 2. It is, however, satisfactory for pharmacokinetic study of trace MPA in plasma 
sample, especially in the case of contraceptive administration with very low dose. Since it is 
rapid procedure and inexpensive, this technique is suitable for routine analysis of the MPA 
content in most pharmaceutical products and blood samples. 


4. Conclusion 


A specific and sensitive method is presented for the analysis of medroxyprogesterone 
acetate (MPA) in human plasma using reversed phase high-performance liquid 
chromatography (HPLC) with amperometric detection. The blood sample spiked with trace 
amount of MPA was cleaned up to remove natural interfering matrices by solid-phase 
extraction (SPE). The MPA extract was then derivatized with 2,4-dinitrophenylhydrazine 
(DNPRH) as an electroactive agent. The MPA-DNPH derivative was re-extracted using SPE 
prior to analysis by reversed phase HPLC. Quantitative analysis of the MPA-DNPH using 
prednisolone-DNPH as an internal standard were optimized on a Hypersil ODS column 
using acetonitrile : methanol : 30 mM phosphate buffer, pH 3.0 (39 : 39 : 22, v/v/v) as mobile 
phase at a flow-rate of 1.0 mL/min. It was found that the method was selective and gave 
linear calibration curve for a concentration range of 1.0 - 10.0 ng/mL for 2 mL spiked plasma 
samples. The relative standard deviation (RSD) of inter-day precision for a period of three 
validation days was 11.5 + 3.4% for all concentration used. The RSD of intra-day precision (n 
= 5) was 5.05 + 2.7% with accuracy (n = 5) of 102.3 + 7.4%. The average recovery was found to 
be 102.9 + 4.4%. The correlation coefficient of the calibration curve was 0.9985. The limits of 
detection and quantitation were found to be 0.2 and 1.0 ng/mL, respectively. Using DNPH 
as a derivatizing agent can enhance both selectivity and sensitivity of MPA in plasma and is 
suitable for routine analysis. 


5. Abbreviations 


ACN: Acetonitrile 

Depot-MPA: Depot-medroxyprogesterone acetate 

DNPH: 2,4-Dinitrophenylhydrazine 

GC-ECD: Gas chromatography-electron capture detection 

GC-MS: Gas chromatography-mass spectrometry 

HCl: Hydrochloric acid 

HDV: Hydrodynamic voltammogram 

HPLC-UV: High-performance liquid chromatography with ultraviolet detection 

HPLC-PO-Cl: High-performance liquid chromatography with peroxyoxalate 
chemiluminescence 

LS.: Internal standard 

LC-MS/MS: Liquid chromatography-mass spectrometry/mass spectrometry 

LOD: Limit of detection 

LOQ: Limit of quantitation 


MeOH: 


methanol 
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MPA: Medroxyprogesterone acetate 

MPA-DNPH: Medroxyprogesterone acetate-2,4-Dinitrophenylhydrazone 

mM: Millimolar 

mg/mL: Milligram per milliliter 

M: Molar 

ng/mL: Nanogram per milliliter 

ODS: Octadecylsilane 

P-DNPH: Prednisolone-2,4-Dinitrophenylhydrazone 

RP-HPLC-AD: _ Reversed phase high-performance liquid chromatography 
with amperometric detection 

RSD: Relative standard deviation 

SD: Standard deviation 

SPE: Solid-phase extraction 
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Jin HaiRu and Jiang Xiangyan 
Additional information is available at the end of the chapter 
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1. Introduction 


The combination of chromatographic methods and mass spectrometry (MS) techniques is 
very useful in analysis of metabolites or components of complex biological samples. 
Chromatography has become the most important technique for separation and analyses, 
whereas MS is one of the most effective analytical methods used today for the determination 
of element concentrations, especially in the trace range; for the structural studies of organic 
and bioorganic compounds as well as isotopic analysis, due to its very high sensitivity, low 
detection limits and very small sample volumes needed!'*!. Using chromatography and MS 
to separate and measure the concentration of amino acids has been well documented. 
Bengtsson"! was the first to introduce a micro-method for the analysis of free amino acids in 
natural waters by gas chromatography (GC); the technique includes removal of interfering 
organic substances by chloroform extraction and purification of amino acids by cation 
exchange. Later, the procedure for analysis of amino acids from protein acid hydrolyzates as 
their tert-butyl dimethylsilyl derivatives by gas chromatography and mass spectrometry has 
been developed!) and applied in biological matrix analysis!'*5!, Johansen et al.7] and Rolin 
et al.l5] studied the nitrogen metabolism of external hyphae of the AM fungus using 
measurement of tert-butyldimethylsilyl(tBDMS)-derivatized amino acids levels by gas 
chromatography and mass spectrometry. Arbuscular mycorrhizal (AM) fungus is the oldest 
obligate symbiont,'4] benefiting the host plants by taking up N, P and other macronutrients, 
trace elements, and water from the soil. Among many components important for plant 
nutrition, nitrogen is often the most limiting but the AM fungi can improve the nitrogen (N) 
levels of their hosts.l5"71 The extraradical hyphae of the fungi effectively acquire nitrate 
(NOs)'8201 , ammonium (NHs4*)!!221231 and amino acidsl**?’] from the external medium. 
However, for a long time, it has been unclear in what form nitrogen is translocated along the 
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hyphae (extraradical mycelium, ERM) of the fungus to the fungal structures within roots 
(intraradical mycelium, IRM), and how it is transferred across the mycorrhizal interface to 
the plant. To follow the uptake, assimilation and transfer of nitrogen in the arbuscular 
mycorrhizal symbiosis, we added isotopically labeled substrates to in vitro arbuscular 
mycorrhizal cultures of carrot (Daucus carota L.) roots colonized by G. intraradices.?®5°l When 
grown in divided Petri plates, this model mycorrhiza excludes other microorganisms and 
prevents diffusion of nonvolatile solutes between the compartments. This model system 
shows normal life cycle and development of fungal morphology. 


Following N_ uptake, its incorporation into amino acids via the glutamine 
synthetase/glutamine 2-oxoglutarate amidotransferase (GS/GOGAT) cycle has been 
observed in AM fungi. Using chromatographic separation and mass spectrometry analysis 
of amino acids of the hyphae, Johnsen et al.!'?] have proved that G. intraradices grown in a 
medium containing NHa«* generated abundant free AAs in the ERM. Among these amino 
acids, N- labeled glutamate (Glu), glutamine (Gln), asparagine (Asn), aspartate, and 
alanine were predominant. Jin et al.!?5] have confirmed the mechanism of N transport to the 
host plant via the AM fungi proposed by Bago et al.6" (Fig.1). When mycorrhizae of G. 
intraradices and Ri T-DNA-transformed carrot roots were grown in two-compartment Petri 
dishes, containing '"NH:Cl synthetic medium in the fungal compartment, the measurement 
of amino acids N-Methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) 
derivatives with GC-MS revealed that all free amino acids of the ERM were N-labeled to a 
high level. Among these amino acids, arginine (Arg) was the most abundant (over 90% of the 
total '5N in the free amino acids).This was confirmed by analysis of phenyl isothiocyanate 
(PITC)-derivatized amino acids with high performance liquid chromatography (HPLC). When 
the [U-SC] Arg (MTBSTFA derivative with an m/z of 448) was used as the labeled substrate in 
the fungal compartment, the isotopomer analysis with GC-MS confirmed that this amino acid 
was intact both in the mycorrhizal root tissue (m/z of 448) and in the ERM. This result suggests 
that Arg is either taken up or synthesized by the ERM and transported intact to the IRM; the 
conclusion is also consistent with the outcome of other [U-SC/U-5N] Arg labeling 
experiments. This finding indicates that the AM fungi take up N and incorporate it into Arg, 
and this organic form of N is then transported to IRM (Fig.1). 


When either [U-8C] or [U-N/U-C]-labeled Arg was added to the fungal compartment to 
follow up Arg catabolism in AM fungi (Fig. 1), GC-MS!0l analysis of Arg isotopomer found 
either [U-8C] or [U-SN/U-8C] ornithine(Orn) in the mycorrhizal root tissues. This result 
demonstrates that once Arg is translocated to the potential N-limited sites in the mycelium 
of AM fungi, it is degraded into Orn and urea. Although N released from Arg degradation 
is transferred to the host plant, it has been shown (using “Ci2-acetate labeling in fungal 
compartment and subsequent mass spectrometry analysis of amino acids of mycorrhizal 
root) that the Arg-originated C is not incorporated into the host C pool and remains in the 
IRM?*1. Analysis of !5N-labeled Glu and Gln isotopomers using GC-MS has demonstrated 
that, following Arg degradation, Orn is recycled to Glu and Gln, which serve as C donors. 
Small amounts of N label have been found in Glu and Gln (in spite of their low levels) after 
[guanido-N2] Arg translocation from the ERM to the mycorrhizal roots, whereas other 
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amino acids have displayed only negligible °N labeling. Thus, the Orn cycle seems to be 


an efficient path for Arg biosynthesis, nitrogen transfer to the host, and carbon recycling in 
AM symbiosis. 
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Figure 1. A model of N uptake, translocation, degradation and transfer in the AM fungal symbiotic 
system. Various forms of N sources (NOs, NH:", amino acids, peptides, and proteins) are taken up, 
assimilated, and incorporated into arginine (Arg) by the extraradical mycelium (ERM). The 
accumulated Arg as well as polyphosphate (PolyP) is then bi-directionally translocated along the 
coenocytic fungal hyphae from the ERM to the intraradical mycelium (IRM) or from the mycorrhizal 
compartment tissue to the ERM. Arg is catabolized through the catabolic arm of the urea cycle in the 
IRM, releasing NH3/NHs' in the arbuscules. The NHs* ion is deprotonated prior to its transport across 
the plant membrane by AMT protein and released in its uncharged NHs3 form into the plant cytoplasm. 
Figure modified from Govindarajulul et al. (2005). 


In addition, the results of MS analysis of 'N-labeled amino acids isotopomers have 
indicated that germinating spores break down stored N (Arg or proteins) during pre- 
symbiotic growth."] HPLC analysis of amino acids derivatives using PITC revealed that 
the germinating AM spores combine the C skeletons originating from the degradation of the 
internally stored lipids with the N released from the stored N compounds (Arg or proteins) 
for de novo biosynthesis of free amino acids, mostly producing serine and glycine. This is 
consistent with a large flux in the glyoxylate cycle and the utilization of lipids as a C source 
for carbohydrate and amino acid biosynthesis reported by Lammers at al.41 Although 
exogenous N is not required for pre-symbiotic growth, it can be used for de novo 
biosynthesis of amino acids. MS analysis of *N enrichment of amino acids after N labeling 
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experiment showed that NH«* and urea are assimilated more rapidly than NOs and 
exogenous amino acids. De novo biosynthesis of free amino acids in the AM spores was 
increased greatly after the uptake of exogenous NHs*, urea, and NOs. In cases of a low C:N 
ratio (no exogenous glucose), the measurements of PITC-derivatized AAs with HPLC 
showed that Asn was the predominant amino acid in the AM spores. These results suggest 
that during spore germination, the main carbon source for amino acids biosynthesis is 
derived mostly from the degradation of stored lipids and the glyoxylate cycle. In contrast, 
HPLC analysis of PITC-amino acids derivatives has revealed that at a high C:N ratio 
(available exogenous glucose) Arg is the main amino acid produced and incorporated into 
the proteins of germinating AM spores!I. This is consistent with the report of Tisserant et al 
35] showing that the transcripts coding for the enzymes of Arg biosynthesis are highly 
expressed in germinating spores of AM fungus G. intraradices. 


To summarize, chromatographic separation and analysis of N/'C-labeled amino acids 
have determined in what form nitrogen is taken up and assimilated, and clarified the 
mechanisms of Arg transport and degradation in AM fungal symbiosis. In the following 
sections, we will discuss in some detail the application of chromatographic methods in the 
studies of nitrogen metabolism and transport in AM fungal system. 


2. Cleanup and separation of amino acids using ion-exchange 
chromatography 


Sample preparation is often required to improve the analysis, eliminate interference and 
increase sensitivity. This is necessary when a sample cannot be directly analyzed or when 
the analysis generates poor results. Most cleanup and concentration techniques are based on 
separations. Separation techniques have a number of characteristics such as fractionation 
capacity, load capacity, adaptability to analyte volatility, type of selectivity, speed and 
convenience, static and dynamic procedures. The type of selectivity depends on 
physicochemical properties of the components in the sample. For example, differences in 
boiling point allow separation by distillation and are important in gas chromatographic 
separation, and acid/base dissociation constant is important in ion-exchange 
chromatographic analysis. Chromatographic separations are used both for sample 
preparation and core analytical separation and measurements. To check nitrogen utilization 
and amino acids metabolism in AM fungal symbiotic system, free amino acids from 
cultured tissues can be extracted with a mixture of methanol/chloroform/water, then 
separated on a cation exchange column (DOWEX 50 *4-200, hydrogen form) and recovered 
after freeze-drying (7550, 


In the method published by Jin at al., after 3-week culture of mycorrhizal roots,?*! the 
extraradical mycelium (ERM) and mycorrhizal root tissues were recovered on a 38-um 
sieve, rinsed with deionized water and lyophilized. The lyophilized mycorrhizal roots and 
ERM were ground in a mortar with a pinch of acid-washed sand and extracted with a 
mixture of methanol/ chloroform/water (12 : 5 : 3, v/v/v), which recovered 30-35% more 
amino acids than extraction with NHsHCOs buffer (pH 8 with 0.2% NaNs) or 80% ethanol. 
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Methylene chloride and water were added to the extraction solution to facilitate the 
separation of chloroform and the methanol-water phases. The methanol—water phase 
containing the amino acids was collected and evaporated in a rotary evaporator at 50°C 
Bengtsson & Odham!! have pointed out that losses of amino acids during evaporation prior 
to derivatization are negligible, and, using a radioactive amino acid tracer, demonstrated 
low losses of amino acids co-precipitated with carbonates and hydroxides. Losses from 
nutrient rich samples were further reduced by acidifying the sample before evaporation. 
During evaporation, Maillard reaction can be avoided by keeping the temperature at 50°C 
and reducing evaporation pressure. A direct cation exchange has been shown to be 
inadequate in obtaining a sufficiently pure solution for derivative formation. However, it 
has been demonstrated that extraction of the aqueous sample with chloroform prior to ion 
exchange efficiently removes interfering organic substances without detectable losses of 
amino acids.!21 


Most amino acids are not soluble in nonpolar solvents and are soluble in water;!°* they 
display amphoteric properties (caused by COOH and NH groups), and many exist as 
zwitterions in the form R-CH(NHs3*)-COO.. In acidic solutions, the amino groups are at least 
partly protonated whereas the ionization of the carboxyl group is very low. For the cation 
exchange, strong acidification is therefore necessary to convert the monoamino-acids 
completely to the univalent cation form. For example, at pH 2.5, 35% of Phe, 66% of Thr, and 
100% of the diamino-acids are in the cationic form. In the micro-method procedure 
published by Bengtsson/I, the residues containing the amino acids were dissolved in 2 ml of 
0.01 M HCl and loaded onto a cation exchange column, previously washed with 2 M 
NHzOH, deionized H20 and 2 M HCl, and followed by a wash with deionized H2O until the 
effluent was neutral. The neutral compounds, principally carbohydrates, were washed off 
the column with 5 ml of water, and the free amino acids (except cysteine(Cys) and 
methionine(Met), whose recoveries were low), were eluted with 2 ml of 1 M NH«OH. Sulfur- 
containing amino acids are partly oxidized during the ion-exchange procedure or 
derivatization, therefore, this method is not suitable for recovery and purification of Cys and 
cystine. Nevertheless, Myung et al.$71 have developed a method employing SPME (solid- 
phase micro-extraction) technique and GC-MS to determine homocysteine (Hcy), Cys and 
Met levels in aqueous samples. This method provides a new approach to the studies of S 
uptake and transfer in AM symbiosis. 


3. Determination of amino acid concentrations with high performance 
liquid chromatography (HPLC) 


Since amino acids are non-volatile compounds and most of them show low UV absorbance, 
they have been commonly analyzed by liquid chromatography (LC) methods with pre- 
column or post-column derivatization using UV chromophore or fluorophore reagents. The 
use of HPLC analysis is extremely common because this technique has no specific analyte 
volatility or thermal stability restrictions.%*°! Derivatization can make the analysis more 
sensitive, gives a linear detection response and avoids specific interference. The common 
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approach to the preparation of derivatized samples for HPLC and GC analysis is to replace 
the active hydrogens to form a desired physical property. However, in HPLC, the 
elimination of all active hydrogens from the analyte is not usually necessary. Some 
derivatizations requiring only the attachment of a chromophore or fluorophore group to the 
analyte use one of the functional groups (such as pheny! isothiocyanate, O-phthalaldehyde 
or 9-fluorenylmethyl chloroformate) which react only at the amino group. Other 
derivatizations of amino acids involve both NH2 and COOH groups; for example, when 
isothiocyanates are used to form thiohydantoins. The quantification of derivatized amino 
acids, such as phenylthiocarbamoyl (PTC) derivatives, is commonly used prior to their 
analysis by HPLC. Phenyl isothiocyanate (PITC) reacts both with the primary and secondary 
amino-groups, at room temperature, within 5-20 min; PITC-amino acids are very stable in 
dried samples, and their elution and detection only requires a binary gradient pump and a 
UV detector.°1 The disadvantages of the method are its limited sensitivity (because of the 
lack of fluorogenic derivatives) and the need for removal of excess reagent. Therefore, in our 
experiments to determine the levels of free amino acids in the ERM and mycorrhizal root 
tissues, we used a Waters Pico-Tag amino acid analyzer (HPLC), employing the Pico-Tag 
method. As in the study by Endres & Mercier", the amount of each amino acid was 
measured by high-performance liquid chromatography (HPLC) of the PITC derivatives. The 
extracted amino acids were dissolved in 0.1 M HCl and vacuum-dried in a Pico-Tag 
workstation, then ethanol/ water/triethylamine mixture was added and evaporated by 
vacuum-drying. 20 ml of ethanol/ water/triethylamine/ phenylisothiocyanate (7 : 1: 1 : 1) 
was added to derivatize the amino acids at 23°C for 20 min. The samples were then dried 
under vacuum and re-dissolved in 100 pl of Pico-Tag sample diluent. 20 pl of each sample 
was loaded onto a reverse-phase C18 column (3.9 mm ID X 150 mm long) using a Waters 
510 autosampler. An eluent gradient consisting of 38 ml Pico-Tag Eluent A (0.05 M sodium 
acetate) and Eluent B (0.1 M sodium acetate/acetonitrile/methanol (46:44:10) was used as 
mobile phase. The flow rate was 1.0 ml min“, with the proportion of Eluent B rising from 0- 
100%. The elution was monitored at 254 nm with a Waters 486 tunable absorbance detector. 
The concentrations of the amino acids were calculated by comparing the integrated peak 
area with those for standard amino acids at known concentrations using Waters 
MILLENIUM software (Waters Chromatography Division). The threshold for detection of 
amino acids in standard solutions was 30 pM of each amino acid per assay, corresponding 
to <10 nmol g" of dry weight of tissue. 


As shown in Tablel, our HPLC analysis of free amino acid levels reveals that Arg is by far 
the most abundant fungal amino acid (between 50 and 200mM depending on 
developmental stage), representing c. 90% of the total free amino acids in the ERM. Arg 
levels are also substantially higher in colonized than in un-colonized roots (54.2 + 19.3% 
versus 10.9+ 4.8% of free amino acids). Johansen et al.!'7] have observed, without reporting 
absolute levels, that Arg is the dominant free amino acid in extraradical mycelium of Glomus 
claroideum. However, they have not measured Arg levels in G. intraradices because of the 
problems with derivatization and decomposition of the silated product. 
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Free amino acids Concentration in mycorrhizal root Concentration in extraradical 


compartment tissue (nmol mg‘ d.wt) | mycelium (nmol mg" d.wt) 


wks 


3wks 


wks 


3wks 


Aspartate 
Glutamate 
Asparagine 
Glutamine 
Serine 
Glycine 
Arginine 
Threonine 
Alanine 
Proline 
Tyrosine 
Valine 
Methionine 
Cysteine 
Isoleucine 
Leucine 


Phenylalanine 


Lysine 
Ornithine 


0.40+0.01 
3.094 1.91 
21.01412.52 
14,055.49 
1.54+0.83 
/ 
3.6442.50 
0.58+0.31 
1.4340.90 
0.22+0.12 
0.38+0.21 
0.91+0.50 
0.76+0.70 
/ 
0.647 £40.39 
0.587 +0.33 
0.262+0.16 
0.19+0.10 
3.944 1.22 


6.87 £0.56 
7.3540.74 
4.80+0.23 
8.34038 
3.12+0.21 
/ 
9.850.59 
1.8440.11 
1.20.08 
0.80+0.23 
0.74+0.12 
1.444 1.43 
/ 
/ 
0.640.07 
0.940.03 
0.37 £0.12 
0.92+0.06 
3.674 1.66 


0.52+0.13 
6.4442.81 
25.58 1.24 
11.6243.86 
17.5146.10 
12.9343.35 
167.224+32.95 
/ 
8.394 1.89 
1.57+0.33 
1.67+0.53 
1.7340.37 
9.485 1.31 
/ 
1.1440.311 
1.53740.31 
1.027+0.33 
1.634 1.17 
40.434 34.46 


12.264 1.87 
22.2042.34 
17.1241.58 
6.66+0.87 
10.95 + 1.32 
4.37+0.58 
227.93£5.8 
/ 
2.81£0.34 
1.5320.23 
2.27 £0.67 
2.2+0.11 
/ 

/ 
0.690.09 
0.77 £0.06 
0.500. 11 
3.0340.56 

16.0143.63 


* Mean + standard deviation. 


Table 1. Concentration of free amino acids, established using HPLC, in the root compartment tissue 
and extraradical mycelium of AM fungus G. intraradices after culturing for 1 or 3 weeks in two- 
compartment Petri dishes, with'*NH:Cl labeling in fungal compartment .* 


4. Identification of derivatized amino acids and their isotopomer analysis 
with gas chromatography-mass spectrometry 


Derivatization involves reactions with one or more reagents to change the chemical nature 
of the analyte to make it more suitable for analysis. As chemical reactions, derivatizations 
are efficient chemical processes between the analyte and the reagent, such as reactions 
forming acyl, alkyl or aryl derivatives, silylation reactions, adding to carbon-hetero multiple 
bonds, formation of cyclic compounds, etc. These reactions result in a replacement of active 
hydrogens in an analyte in functional groups such as OH, COOH, SH, NH, CONH. 


The purpose of derivatization varies depending on the analyte, the matrix of the sample, 
and the analytical method to be applied.!"] Some derivatizations are used in the sample 
cleanup or concentration process. Much more frequently, they are done to change the 
analyte properties for the chromatographic separation, to achieve better thermal stability, 
better detectability and improve separation in GC analysis. In GC-MS analytical technique, 
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derivatization may help in spectra identification. For HPLC using liquid mobile phase, 
derivatization is performed mainly to increase detectability and improve the separation. 


The trimethylsilyl (TMS) derivatives are obtained in one-step derivatization procedure, 
whereas almost all other derivatives are formed in two or more reaction steps. The 
derivatization with the formation of silylated derivatives is applied to replace the active 
hydrogens in an analyte in groups such as OH, SH, NH, CONH, POH, and SOH. The 
purpose of silylation is to reduce the polarity of the analyte, increase its stability and 
improve detectability. Although the TMS derivatives are by far the most commonly used for 
analytic purposes, TBDMS is used when compounds more resistant to hydrolysis are 
required. The thermal stability of TBDMS derivatives is better than that of TMS derivatives. 
The TBDMS derivatives give reproducible results in amino acid analysis. Gehrke! pointed 
out that the best foundation for a successful amino acid analysis by GC is (a) reproducible 
and quantitative conversion of amino acids to suitable derivatives; and (b) separation and 
quantitative elution of the derivatives from the chromatographic column. For satisfactory 
analysis of amino acids by GC, a complete derivatization is essential. In my own 
experiments, free amino acids samples were derivatized with MTBSTFA containing 1% N- 
methyl-N-t-butyldimethylchlorosilane; such derivatized Arg and ornithine (Orn) are shown 


in Fig.2. 501 
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Figure 2. Molecular structure of ions of N-methyl-N-(t-butyldimethylsily])trifluoroacetamide 
(MTBSTFA)-derivatized Arg and Orn. This figure gives the structure of the ion remaining after a 70 eV 
impact on the MTBSTFA derivative of Arg and Orn. It demonstrates that derivatized Arg has an m/z of 
442, which is the M-188 (molecular ion minus 188) fragment arising from losing the guanido Ns and a t- 
butyl group. This fragmentation is different from that of Orn, which only loses a t-butyl group (M-57) in 
its fully derivatized form.!" 


MIBSTFA has been reported as a very powerful tBDMS silyl donor capable of tert- 
butyldimethylsilylating active protic functions (hydroxyl, amino, carboxylic and _ thiol 
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moieties),!#7] and has been employed in the derivatization of Arg and Gln for analysis by gas 
liquid chromatography (GLC)!5]. Mawhinney et al.!! reported an analytic method which 
employs the tBDMS derivatives of amino acids for their separation and quantification in a 
single GLC analysis. The hydrochloride salts of the amino acids, dissolved in 
dimethylformamide, are derivatized in a single step using MTBSTFA. As the t3DMS-amino 
acid derivatives, the neutral and acidic amino acids are stable for over 24 h and the basic 
amino acids are stable for 6 h. Mass spectroscopy is probably the most powerful tool used 
for compound identification purposes. The mass spectrum for each tBDMS-amino acid is 
relatively simple, being dominated by a unique and unambiguous mass minus 57 [M - 57] 
fragment ion which for many of the amino acids serves as the base fragment ion. Employing 
amino acid standards, a linear response curve in the range 1-100 nmol was obtained for each 
neutral and acidic amino acid using a flame ionization detector. The basic amino acids lysine 
and arginine demonstrated a linear response curve in the range 2-150 nmol. Histidine (His) 
displayed a linear response curve in the range of 5-150 nmol. In contrast with the results of 
my experiments (data not published) employing amino acid standards, a linear response 
curve in the range of 10-30 nmol can be obtained only for Leu, Ser, Asp, Cys; Met; Thr, and 
Tyr, but not for His, Arg, Gln and Pro. These last four amino acids produced a non-linear 
curve with GC-MS in a Trace 2000 gas chromatograph (Thermo Electron). 
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Figure 3. The GC-MS total ion chromatogram (TIC) of amino acid mixture in the ERM of AMfungi. 
Ala= alanine; Gly = glycine; Val = valine; Leu = leucine; Ile = isoleucine; Pro = proline; Ser = serine; Thr = 
threonine; Phe = phenylalanine; Asp = aspartate; Glu = glutamate; Orn= ornithine; Asn = asparagine; 
Gln= glutamine; Arg= arginine; Tyr = tyrosine. 


In our experiments, identities of amino acids were confirmed by comparison with mass 
spectra of authentic standards (Fig.3). The mass isomer distribution for each derivatized 
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amino acid was determined by measuring the M-57 ions which result from the loss of a t- 
butyl group (i.e., [M - C(CHs)s]) from the molecules of MTBSTFA derivatives, except for Arg 
whose m-188 ion was used. The Arg ion examined had a m/z of 442, which corresponds to 
M-188 (molecular ion minus 188) fragment arising from the loss of one guanido nitrogen 
together with a tBDMS and DMS _ group from the  tetra-substituted _ tert- 
butyldimethylsilyl(tBDMS)-derivatized Arg (Fig. 2). When using [guanido-2-5N] Arg, we 
observed an ion at an m/z of 443 (M-189, molecular ion minus 189). This isotopomer 
corresponds to the derivatized [guanido-2-'SN]Arg because the ion loses one of the guanido 
nitrogens by fragmentation at 70 eV. 


5. Analysis of *N-labeled amino acid isotopomers with gas 
chromatography-mass spectrometry 


Unlabeled, derivatized Arg yields an ion at an m/z of 442, which corresponds to a molecular 
fragment containing three “N atoms. Thus, the maximum number of °N atoms detected is 
three, resulting in a mass isomer distributions of M, M+1, M+2 and M+3. These were used to 
calculate the isotopic enrichment in each amino acid after correction for natural isotopic 
contents by comparison with the mass isomer distributions measured for unlabeled 
standards. As shown in Fig.1, to test whether Arg is translocated from the ERM to the IRM, 
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Figure 4. Labeled arginine after addition of 2 mM Cue arginine to the ERM compartment for 6 
weeks. Mass isomer distributions were measured by mass spectrometry after extraction of free amino 


acids or hydrolysis of extracted soluble protein followed by derivatization (see methods): black 
bars, unlabeled arginine standard showing the natural abundance mass isomer distribution; dark 
grey bars, arginine extracted from unlabeled mycorrhizal root tissue; medium grey bars, arginine 
extracted from ERM after labeling; hatched bars, arginine extracted from mycorrhizal roots after 


labeling; white bars, arginine from soluble protein of mycorrhizal roots after labeling; checkered 
bars, arginine from soluble protein of un-colonized roots after exposure to Cus arginine (positive 
control, showing that if arginine is available to the root tissue, it is detectable in root protein). 
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Cue arginine was added to the ERM. After 6 weeks, MS analysis of MTBSTFA-derivatized 
Arg isotopomer revealed that 34% of the free Arg in the ERM and 33% of the free Arg in the 
colonized roots showed Cue labeling (M+6, Fig. 4). The mass spectra showed that the free 
Arg molecules in the colonized roots are either completely unlabeled (natural abundance 
mass isomer distribution) or labeled in all six carbon positions, thus indicating that Arg is 
transported intact from ERM to IRM. 


6. Conclusion 


Chromatographic and mass spectrometry analysis of amino acids, in combination with 
isotopic tracing, shows that various forms of N sources (NOs, NHs*, amino acids) are taken 
up, assimilated, and incorporated into Arg by the ERM. The accumulated Arg as well as 
polyP is then bidirectionally translocated along the coenocytic fungal hyphae from the ERM 
to the IRM or from the mycorrhizal compartment tissue to the ERM. Arg is catabolized 
through catabolic arm of the urea cycle ( utilizing arginase and urease activities) in the IRM, 
releasing NH3/NHs* in the arbuscules. The NH:/NHa* acquired by the plant is either 
transported into adjacent cells or immediately incorporated into AAs, as shown in Fig.1 
(modified from Govindarajulul et al.91). 


However, although Ala, Gly, Val, Leu, Ileu, Pro, Ser, Thr, Phe, Asn, Asp, Glu, Orn, Gln, Arg 
and tyrosine(Tyr) are detected, GC-MS of samples from AM fungal tissues performed after 
MITBSTFA-derivatized amino acids cleaned up on a cation exchange column (DOWEX 50 *4- 
200, hydrogen form) does not detect some of S-containing amino acids and basic amino 
acids lysine (Lys) and His. Some amino acids cannot be quantified with chromatographic 
MS due to non-linear response. Nevertheless, analysis of PITC-derivatized amino acids with 
HPLC shows excellent linear relationship between the molar concentrations of amino acids 
and peak areas in the chromatogram, and thereby can be used for effective quantification. 
Although many techniques are already in use in this field, we will need some novel 
methods, yet to be developed, to achieve a simultaneous measurement and identification of 
all free amino acids in biological tissues. 
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1. Introduction 


Tetrodotoxin (TTX), a pufferfish (“fugu” in Japanese) toxin named after its order name 
Tetraodontiformes, is the toxic principle of puffer fish poisoning. This toxin (C11H17N3Os; a 
molecular weight of 319) is one of the most potent nonproteinaceous toxins as well as the 
best-known marine natural toxins (Figure 1). In Japan, pufferfish have been a traditional 
food for many years, and since people have become accustomed to eating them, cases of 
TTX poisoning are frequent. It poses a serious hazard to public health. These cases have 
occurred on a regular basis not only in Japan but also in Asia for a number of years, 
sporadically resulting in severe poisoning or even death. On the other hand, the Japanese 
are aware of the its toxicity and have devised methods to reduce TTX levels especially in the 
liver. However, TTX poisoning incidents continue to occur in Japan. Since there is no 
antidote for the toxin, patient mortality is very high. Judging from statistics provided by the 
Japanese Ministry of Health, Labour and Welfare, the number of deaths due to puffer 
poisoning has steadily declined, from more than 10 cases every year between 1960 and 1981 
to less than 10 cases with low mortality every year since 1982, generally with low mortality. 
This decline is probably due to not only strict adherence to government regulations but also 
an increase in cultured puffer rather than a decrease in wild puffer. The toxicosis is 
characterized by the onset of symptoms in the victim. Treatment of the illness is mainly 
based on the symptoms of the patient. More fruitful treatment can be provided if the 
causative toxin is identified. In 1950, TTX was isolated for the first time as a crystalline prism 
from toxic pufferfish ovaries by Yokoo [1]. Its structure was elucidated by three groups in 
1964 [2-4]. TTX is a powerful and specific sodium channel blocker [5]. When ingested by 
humans, it acts to block the sodium channels in the nerve cells and skeletal muscles, and to 
thereby block excitatory conduction, resulting in the occurrence of typical symptoms and 
signs such as respiratory paralysis and even death in severe cases. The lethal potency is 
5000 to 6000 MU/mg. One MU (mouse unit) is defined as the amount of toxin required to 
kill a 20g male mouse within 30 min after intraperitoneal administration, and the 
minimum lethal dose (MLD) for humans is estimated to be approximately 10,000 MU 
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equivalent to 2 mg of pure TTX crystals [6]. Many derivatives of TTX have been found, 
although their toxicities vary widely. As seen in Figures 1, 2 TTX is a heterocyclic guanide 
compound whose chemical structure has been characterized. Various TTX derivatives from 
pufferfish and other TTX-bearing organisms have been identified to date as a result of recent 
progress in the instrumental analysis of TTX (Figure 3). In marine pufferfish species, toxicity 
is generally highest in the liver and ovary, whereas in brackish and freshwater species, 
toxicity is higher in the skin [7-13]. TTX was long believed to be present only in the 
pufferfish. In 1964, Mosher et al. detected TTX in California newt Taricha torosa, which was 
the first TTX-containing organism other than pufferfish [14]. Since then, the distribution of 
TTX has spread to animals other than pufferfish. The toxin has been detected in a tropical 
goby Yongeichthys criniger [15], atelopid frogs of Costa Rica Atelopus spp.[16], blue-ringed 
octopus Hapalochlaena maculosus [17], and several species of carnivorous gastropods such as 
trumpet shell Charonia sauliae[18], ivory shell Babylonia japonica [19], frog shell Tutufa 
lissostoma [20] as shown in Table 1. In addition, some species of starfish on which these 
gastropods prefer to feed also contain TTX [21]. The trumpet shell Charonia sauliae 
accumulates TTX by ingesting toxic starfish, supporting the hypothesis that the TTX of 
pufferfish is not endogenous, but is introduced via the food chain. The exact origin of TTX 
in the food chain, however, remains unknown. Because the ecologic environments of TTX- 
bearing animals apparently have no common factor other than being closely related to an 
aquatic system, bacteria (omnipresent organisms that commonly inhabit the aquatic 
system), are implicated as the primary source of TTX. Toxic crabs, flatworms, horseshoe 
crabs, ribbon worms and arrow worms were also added to the list of TTX-bearing animals. 
In Japan, TTX is assayed by the official method using mice [22]. It requires ddY strain male 
mice, but no special instrumentation. This method is simple and convenient but not so 
sufficiently accurate, and provides no information on the composition of the toxin, nor is it 
able to distinguish TTX from other neurotoxins such as paralytic shellfish poison (PSP). In 
addition, animal rights activists across the world are strongly opposed to bioassays using 
live animals, including mice. Thin layer chromatography (TLC) and electrophoresis are 
useful means for TTX detection, but they are not suitable for TTX determination. With this 
background, attempts have been made to develop analytical methods using high 
performance liquid chromatography (HPLC) in Japan. Detection and determination of TTX 
are essential not only for diagnosis and treatment purposes, but also for issuing quarantines 
and public awareness. Quantitative and/or qualitative detection of TTX in a sample is/are 
performed by a few instrumental analysis methods. The toxin has long been believed to 
occur exclusively in pufferfish. However, owing to the recent outstanding progress in 
instrumental methods for the analysis of TTX, its distribution and accumulation in various 
aquatic organisms have been established. In addition, this toxin has been detected in many 
other vertebrates and invertebrates. A few intestinal bacteria of TTX-bearing animals were 
found to produce TTX. This suggested that the accumulated TTX in these animals was being 
passed along the food web having been acquired from such TTX-producing bacteria. In this 
section, although there are many aspects of TTX research with respect to treatment and 
prevention, biologic distribution, sources, infestation mechanism, detection methods, 
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chemistry and pharmacology, the focus is to provide an overview of the instrumental 
analysis of TTX and present chromatographic methods for the isolation of TTX. Rapid and 
accurate analysis of a mixture and its analogs occurring in a variety of marine organisms is 
becoming increasingly important from the standpoint of public health, since food poisoning 
from the ingestion of these toxins is often fatal to a human. There are also increasing 
demands for chemical assays of TTX for the study of its biosynthetic and metabolic 
pathways, which remain unknown. In an attempt to protect consumers from TTX- 
intoxication, the mouse bioassay has historically been the universally applied tool to 
determine the toxicity level in monitoring programs. This bioassay, however, shows low 
precision and requires a continuous supply of mice of a specific size. These potential 
drawbacks and world-wide pressure to refrain from the unnecessary killing of live animals 
subsequently led the scientists to develop chemical-based alternatives to the mouse bioassay 
for TTX detection and quantification. In addition, the mouse assay can neither provide any 
information on toxin composition, nor distinguish TTX from other neurotoxins such as 
paralytic shellfish poison (PSP). A few marine animals have been found to contain both TTX 
and PSP simultaneously. Many detection methods for TTX have been developed. A few 
methods including the mouse bioassay, high performance liquid chromatography (HPLC) 
and liquid chromatography-mass spectrometry (LC-MS) are typically used to qualitatively 
and quantitatively detect TTX, but other methods including gas-chromatography-mass 
spectrometry (GC-MS), infrared (IR) spectrometry and nuclear magnetic resonance ('H- 
NMR) spectrometry are often used to qualitatively detect TTX. Among them, HPLC and LC- 
MS are the most powerful and sensitive tool for qualitatively and quantitatively detecting 
TTX. In addition these methods, TTX can also be identified by thin-layer chromatography 
(TLC) or electrophoresis. Though these methods are not instrumental analysis, these 
methods are simpler and more practical. In this section, an attempt has been made to review 
the current information and the recent progress on instrumental analysis of TTX. 


Hemilactal form 10, 7-Lactone form 


Figure 1. The tautomer of TTX 
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Animals Part 
1 Platyhelminthes Flatworms 
Turbellaria Planocera spp. Whole body 
2 Nemertinea Ribbon worms Whole body 
Lineus fuscoviridis Whole body 
Tubulanus punctatus Whole body 
Cerebratulus lacteus Whole body 
Cephalothrix linearis Whole body 
3 Mollusca Charonia sauliae Digestive gland 
Gastropoda Babylonia japonica Digestive gland 
Tutufa lissostoma Digestive gland 
Zeuxis siquijorensis Digestive gland 
Niotha clathrata Digestive gland 
Natica lineata Whole body 
Rapana spp. Digestive gland 
Cymatium echo Digestive gland 
Pugilina ternotona Digestive gland 
Cephalopoda Hapalochlaena maculosa Postsalivary gland 
4 Annelida Pseudopotamilla occelata Whole body 
Polychaeta Lepidonotus helotypus Whole body 
Halosydna brevisetosa Whole body 
Harmothoe imbricata Whole body 
5 Arthropoda Atergatis floridus Whole body 
Zosimus aeneus Whole body 
Carcinoscorpius rotundicauda Egg 
6 Chaetognatha Arrowworms 
Eukrohonia hamata Head 
Parasagitta spp. Head 
Flaccisagitta spp. Head 
7 Echinodermata Starfish 
Astropecten polyacanthus Whole body 
Astropecten latespinosus Whole body 
Astropecten scoparius Whole body 
8 Vertebrate Takifugu spp. Skin, liver, ovary 
Pisces Yongeichthys criniger Skin, viscera, gonad 
Amphibia Taricha spp. Skin, egg, ovary, muscle, blood 
Notophthalmus spp. Skin, egg, ovary 
Cynops spp. Skin, egg, ovary, muscle, blood 
Triturus spp. Skin, egg, ovary, muscle, blood 
Ambystoma sp. Skin, egg, ovary, muscle 
Paramesotriton sp. Skin, egg, ovary, muscle 
Polypedates sp. Skin 
Atelopus spp. Skin 
Colostethus spp. Skin 
9 Red Clacareous alga Jania spp. Whole body 
10 Dinoflagellate Alexandrium tamarense Whole body 


Table 1. Distribution of TTX in animals 
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TTX 4-epiTTX 4, 9-anhydroTTX 
(MH¢* mz 320) (MH* mz 320) (MH* mz 302) 
Figure 2. Chemically equilibrium of TTX, 4-epiTTX and 4, 9-anhydroTTX 


(A) Hemilactal type 


R, R, R, R, R, 
1x H OH OH CH,OH OH 
4-epiTTX OH H OH CH,OH OH 
6-epiTTX H OH CH,OH oH OH 
11-deoxyTTX H OH OH CH, OH 
6-epi-11-deoxyTTX OH H OH CH, OH 
TTX-8-O-hemisuccinate H OH OH CH,OH OOC(CH,),COO 
Chiriquitoxin H OH OH Gu (OH)CHINH’)COO OH 
11-norTTX-6(S)-ol H OH OH H OH 
11-norTTX-6(A)-ol H OH H OH OH 
11-norlTTX-6,6-diol H OH OH OH OH 
11-oxoTTX H OH OH CH(OH), OH 
TTX-11-carboxylic acid H OH OH coo OH 


(B) Lactone type 


H R, 
R, R, R, R, R, R, 

TTX (lactone) H H OH OH OH CH,OH 
6-epiTTX (lactone) H H OH OH CH,OH OH 
11-deoxyTTX (lactone) H H OH OH OH CH, 
11-norTTX-6(S)-ol (lactone) H H OH OH OH H 
11-norTTX-6(A)-ol (lactone) H H OH OH H OH 
11-norTTX-6,6-diol (lactone) H H OH OH OH OH 
5-deoxyTTX H H OH H OH CH,OH 
5,11-dideoxyTTX H H OH H OH CH, 
6-epi-5,11-dideoxyTTX H OH H H OH CH, 
1-hydroxy-5,11-dideoxyTTX OH H OH H OH CH, 
5,6,11-trideoxyTTX H H OH H - CH, 
4-epi-5,6,11-trideoxyTTX H OH H H H CH, 
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(C) 4,9-Anhydro type 


Re 


R, R, R, 
4,9-Anhydro TTX OH CH,OH OH 
4,9-Anhydro-6-epi-TTX CH,OH OH OH 
4,9-Anhydro-11-deoxyTTX OH CH, OH 
4,9-Anhydro-TTX-8-O-hemisuccinate OH CH,OH OOC(CH,),COO- 
4,9-Anhydro-TTX-11-O-hemisuccinate OH CH,OCO(CH,),COO- OH 


Tetrodonic acid (tetrodoic acid) 4,9-Anhydro-5,11-dideoxyTTX 
(A) Hemilactal type, (B) Lacton type, (C) 4,9-Anhydro type 
Figure 3. The structure of three types of TTX analogues 


2. Isolation of TTX crystals by column chromatography 


ws 


Of the TTX-bearing animals, our specimens of ribbon worms (“himomushi” in Japanese) 
adherent to the cultured oyster Crassostrea gigas hanging onto floating culture rafts, were found to 
be extremely toxic and to contain tetrodotoxin, during surveillance of the toxicity of various 
marine fouling organisms in Hiroshima Bay, Hiroshima Prefecture, which is one of the largest 
oyster culture areas in Japan [23]. In these analyses, the toxicity was examined on each ribbon 
worm specimen by the standard bioassay method for TTX. Ribbon worm specimens were 
collected in Hiroshima Bay between November and May from 1998 to 2005 approximately every 
two weeks during the harvest time for cultured oysters. A total of 764 specimens were collected, 
and assayed for toxicity. All specimens that were assayed throughout the season covered found 
to be toxic, and the toxicity scores ranged from 169 to 25,590 MU/g (Figures 4 and 5). The ratio of 
strongly toxic (more than 1,000 MU/g) specimens to the total number of specimens was 80%. 
Furthermore, the percentage of specimens possessing toxicity scores higher than 2,000 MU/g to 
the total was high (48%). The highest toxicity detected was 25,590 MU/g from a specimen 
collected on June25 (1999). The total toxicity for this sample was approximately calculated to be 
5,631 MU, which is approximately equivalent to half of the minimum lethal dose of TTX in 
humans, which is reported to be 10,000 MU. The specimens of ribbon worms (390 g) obtained 
during the survey were semi-defrosted and homogenized with three volumes of 1% AcOH in 
80% MeOH for 3 min, then centrifuged. This operation was repeated two more times. The 
supernatants (total toxicity; 2,897,000 MU) were combined, concentrated under reduced pressure, 
and defatted by shaking gently with approximately the same volume of chloroform several 
times. The aqueous layer (2,750,000 MU) was applied to an activated charcoal column and the 
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adsorbed toxin was eluted with 1% AcOH in 20% EtOH after washing the column with dist. 
TO. The water eluate (Fr.I) and the eluate with 1% AcOH in 20% EtOH (Fr.II) was isolated 
(Figure 6). The main toxic fraction (Fr.I) was evaporated to dryness in vacuo. The resulting 
residue (total toxicity 2,433,000 MU; specific toxicity 99 MU/mg) was dissolved in a small amount 
of water, and the pH was adjusted to 5.5 with IN NaOH. This solution was applied to a Bio-Gel 
P-2 column (¢ 3.5 x 100cm). The column was washed with 3000 ml of water and then developed 
with 2,000 ml of 0.03 M AcOH. The toxicity was detected exclusively in the 0.03 M AcOH 
fraction. This fraction was concentrated to dryness under reduced pressure and the residue (3,300 
MU/mg) was dissolved in a small volume of water. The resulting solution was chromatographed 
on a Bio-Rex 70 (H* form, 1.0 x 100cm) column using a linear gradient of H2O and 0.03 M AcOH 
at the flow rate of 0.5 ml /min. The toxic fractions were monitored for TTX via the mouse 
bioassay and high performance liquid chromatography (HPLC) as described later. The main 
toxic fractions (fr. 85-100; Fr.) and minor fractions (fr.50-84) were obtained, and 
rechromatographed in the same manner (Figure 7). The toxic fraction (Fr.I) thus obtained were 
freeze-dried, and then dissolved in 0.5 ml of 1% AcOH. Approximately 2.0 ml of MeOH and 5.0 
ml of diethylether were added to this solution, and the mixture was stored in the refrigerator 
overnight. During storage, stratified plate-like crystals appeared (Figure. 8). The crystals were 
isolated by decantation, and recrystallized by method same as that described above. 
Approximately, Bio-Gel P-2 column chromatography was very effective, as the specific toxicity 
sharply increased from 99 to 3,300 MU/mg. After recrystallization, the specific toxicity of this 
toxin ultimately increased to 3,520 MU/mg. From the combined homogenates with the toxicity of 
roughly 7,400 MU/g, approximately 25 mg of the stratified plate-like crystalline TIX was 
obtained. Generally, the ribbon worm has a simple structure. Since pure crystals of TTX could be 
obtained from this highly toxic ribbon worm efficiently by the above-described series of 
chromatographies, the ribbon worm is a promising source of TTX for use as a reagent in the 
fields of medicine and pharmacology. Previously, authentic specimens of TTX were typically 
prepared from pufferfish ovaries for use as reference standards, as reported in [4]. 


(B) 


(A): Arrow indicates the ribbon worm (scale bar = 10 cm) on the surface of the cultured oyster shell. 
(B): Ribbon worm removed from the cultured oyster shell 


Figure 4. Ribbon worms Cephalothrix sp. (“himomushi” in Japanese) adherent to the cultured oyster 
Crassostrea gigas hanging onto floating culture rafts in Hiroshima Bay. 
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(A): Relationship between toxicity (MU/g) and body weight (g) 
(B): Relationship between toxicity (MU/specimen) and body weight (g) 


Figure 5. Toxicity of ribbon worm Cephalothrix sp. from Hiroshima Bay (1998-2005) 


3. HPLC — Fluorescence detection 


Rapid progress in TTX research, especially in intoxication mechanism of TTX-bearing 
organisms, is due to recent advancements in instrumental analysis. In particular, 
postcolumn-HPLC fluorescence detection (HPLC-FLD) methods expected to replace the 
conventional mouse bioassay, have been explored by many researchers for both qualitative 
and quantitative analysis of TTX and its analogs. HPLC techniques allow the separation and 
sensitive detection of individual TTX and its analogs irrespective of their number and 
group. Therefore, HPLC methods have opened up a new dimension in TTX analysis. 
However, the results obtained have to be comparable to those of the mouse bioassay. 
Additionally, accurate HPLC determination of the various TTX components in the samples 
is anecessity. Using these methods, the toxic principles produced peaks identical to those of 
authentic TTX and its derivatives. The HPLC- FLD method utilizes a computer controlled by 
a high pressure pump with a syringe loading sample injector or an autosampler system, a 
stainless steel column, a reaction pump for delivering reagents, and a fluoromonitor and 
chromato-recorder for calculation of the peak area. In this method, a strong alkali treatment 
is applied to TTX which produces a fluorescent compound with excitation and emission 
wavelengths of 384 and 505 nm, respectively. In this system, first, toxins are separated from 
the contaminants by a buffer solution on a reversed-phase column packed with C18 resin 
with an ion-pair reagent (sodium 1-heptanesulfonate; HSA). Then, the isolated toxins are 
mixed with NaOH, which converts them into fluorescent compounds that are then passed 
through a stainless steel tube (c 0.25mm x 100cm) placed in an oven. Eventually, when the 
fluorescent compounds are passed through a fluoromonitor equipped with a lamp, the 
retention time of the toxin and fluorescence intensity are recorded. The treated toxins are 
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identified by comparing their retention times with those of authentic TTXs. For the 
quantitative analysis by HPLC, the detection limit of TTX is approximately 0.03yg, which is 
satisfactory for practical applications. To date, several continuous improvements have been 
made to detect TTX and its analogs under different HPLC conditions, and a number of 
advances in understanding the biochemistry of TTXs are the outcomes of these 
developments. Briefly, a few promising methodologies are described as follows. In the early 
1980’s, a fluorometric continuous TTX analyzer was constructed by combining HPLC and a 
post-column reaction with NaOH to monitor potentially harmful puffer toxins [24]. In this 
system, the toxin was first separated from contaminants on a column composed of a weak 
cation exchange gel with a 0.06 M citrate buffer solution (pH 4.0), and toxin concentrations 
above 8 MU/g were detected. However, because of the poor performance of the original 
system in separating and detecting TTX analogs, an improved analyzer was later 
constructed. Using HPLC-FLD, naturally occurring TTX analogs, 4-epiTTX, 4,9-anhydroTTX 
[2,3,4,25] 6-epiITX [26], 11-deoxyTTX [26], 11-oxoTTX [27], 11-norTTX-6(R)-ol [28], 11- 
norTTX-6(S)-ol [29], 1-hydroxy-5,11-dideoxyTTX [30], 5,6,11-trideoxyTTX [31], 5-deoxyTTX 
[32], 4,9-anhydro-6-epiTTX, 4-epi-11-deoxy-TTX, and 4,9-anhydro-11-deoxyTTX isolated 
from puffer and newt specimens and/or frogs [33]. The separation of TTX and 6-epiTTX is 
considered as a major achievement for this improved analyzer. In addition to this, attempts 
were made to apply a post-column fluorescent-HPLC system for quantitative assay of TTX 
and its analog 6-epiITX in newts from southern Germany [34]. A reversed-phase ion-pairing 
HPLC method, in which HAS is used as a counter ion has also been the system preferred by 
many researchers for fastest and most efficient analysis of TTX and its analogs. In this 
method, the detection reagent for TTX and related substances does not react with any PSP 
component if present in the contaminant sample. A reversed - phase HPLC system (Table 2) 
with slight modification in the method proposed by of Nagashima et al.[35] is commonly 
used to analyze toxin compositions of extremely toxic Japanese ribbon worms, the xanthid 
crab Demania cultripes from Cebu Island, Philippines(Figure 6,7 and 9) and TTX-producing 
bacteria[23, 36, 37]. 


HPLC control system JASCO - BORWIN/HSS-2000 
LiChroCART 250-4 (Merck) nae 
Column (LiChrospher 100 RP-18e, 5m) Column size: 4 x 250 mm 
Column temperature 30°C CO-2067 plus JASCO) 
60mM ammomium phosphate buffer 
Mobile phase (pH5.0) BEE Zio) ple neo) 


containing 10mM HAS and 2% CH3CN 0.5 ml/min 


MINICHEMI PUMP SP-D-2502 


Reagent 3 M NaOH (Nihonseimitsukagaku) 
0.5 ml/min 
Reaction temperature 110°C 860 CO (JASCO) 
Detection Excitation 384nm, emission 505nm JASCO FP-2025 plus 


Table 2. Operating conditions of HPLC system for the analysis of TTX 
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Figure 6. HPLC-FLD * patterns (top) of fractions from the toxins contained in the ribbon worm 
Cephalothrix sp. in an activated charcoal column chromatography. The bottom patterns represent the 
distribution of toxicity in HPLC chromatograms, as estimated by mouse bioassay. 
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(A): Elution diagram 
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Figure 7. Elution profile of the ribbon worm Cephalothrix sp. toxin from a Bio-Rex 70 column with linear 
gradient from 0 to 0.03M AcOH 
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scale bar = 5 um 


Figure 8. Scanning electron micrograph of crystalline toxin isolated from the ribbon worm Cephalothrix 
sp. from Hiroshima Bay. 
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Figure 9. HPLC-FLD analysis of TTX in the viscera of toxic crab Demania cultripes from Cebu Island, in 
the Philippines 
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4, Mass spectrometry 
4.1 Gas-Chromatography-Mass Spectrometry 


Gas chromatography (GC) and mass spectrometry (MS) form an effective combination for 
chemical analysis. GC-MS analysis is an indirect method to detect TTX in a crude extract 
which is difficult to purify in other advanced analysis methods [33]. In this method, TTX 
and its derivatives are dissolved in 2 ml of 3 M NaOH and heated in a boiling water bath for 
30 min. After cooling to room temperature, the alkaline solution of decomposed compounds 
is adjusted to pH 4.0 with IN HCl and the resulting mixture is chromatographed on a Sep- 
Pak C18 cartridge (Waters). After washing with H20 first and then 10% MeOH, 100% MeOH 
fraction were collected and evaporated to dryness in vacuo. To the resulting residue, a 
mixture of N, O-bis acetamide, trimethylchlorosilane and pyridine (2: 1: 1) is added to 
generate trimethylsilyl (TMS) “C9-base’’ compounds (Figure 10). The derivatives are then 
placed in a Hewlett Packard gas chromatograph (HP-5890-II) equipped with a mass 
spectrometer (AutoSpec, Micromass Inc., UK). A column (¢ 0.25 mm x 250 cm) of UB-5 (GL 
Sci., Japan) is used, and the column temperature is increased from 180 to 250°C at the rate of 
5 or 8°C/min. The flow rate of inlet helium carrier gas is maintained at 20 ml/min. The ionizing 
voltage is generally maintained at 70 eV with the ion source temperature at 200°C. Scanning 
was performed in the mass range of m/z 40-600 at 3s intervals. The total ion chromatogram 
(TIC) and the fragment ion chromatogram (FIC) were selectively monitored. The TMS 
derivative of 2-amino-6-hydroxymethyl-8-hydroxyquinazoline (C9 base), prepared using 
gastropods and ribbon worms from Hiroshima Bay by the procedure described previously, 
was analyzed by GC-MS [18, 38, 39]. Recently, the isolation and characterization of bacteria 
from the copepod Pseudocaligus fugu ectoparasitie on the panther puffer Takifugu pardalis with 
an emphasis on TTX was reported [40]. The mass spectrum of the peak showed typical ions at 
m/z = 407 and 392, which correspond to M* and (M-CHs)* of C9-base-(TMS)s, respectively. 
Sharp fragment ions appear at m/z = 407 (parent peak), 392 (base peak) and 376, indicating 
the presence of quinazoline skeleton in the toxin (Figure 11). It is noteworthy that each peak 
of selected ion monitored at m/z = 376, 392 and 407 appears at the same retention time. In the 
selected ion-monitored mass chromatogram of the TMS derivatives of alkali-hydrolyzed 
from crystals prepared from ribbon worm in Hiroshima Bay, mass fragment ion peaks at 
m/z 376, 392 and 407, which are characteristic of the quinazoline skeleton (C9 base), 
appeared at retention times (8.33 and 8.34 min.), almost the same as those from the TMS-C9 
base derived from authentic TTX (Figure 12). Screening of tetrodotoxin in pufferfish using 
GC-MS was reported [41]. Sensitive analysis of TTX in human plasma by solid-phase 
extraction and GC-MS was reported [42]. 


4.2. Fast atom bombardment mass spectrometry 


Fast atom bombardment mass spectrometry (FAB-MS) is a direct method for the qualitative 
confirmation of TTX. The analysis was performed on a JEOL JMX DX-300 mass spectrometer 
[43]. Xenon is used to provide the primary beam of atoms, the acceleration voltage of the 
primary ion being 3 kV. Scanning is repeated within a mass range of m/z = 100-500. In this 
analysis, approximately 0.1 mg of TTX and glycerol are placed as the matrix on the sample 
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Figure 11. Mass spectrum of the trimethylsilyl (TMS) derivatives of alkali-hydrolyzed toxin from the 
ribbon worm Cephalothrix sp. from Hiroshima Bay. 
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Figure 12. Selected ion-monitored (SIM) mass chromatograms of the trimethylsilyl (TMS) derivatives of 
alkali-hydrolyzed toxin from the ribbon worm Cephalothrix sp. from Hiroshima Bay. 


stage of the mass spectrometer, mixed well, and placed in the ion chamber of the 
spectrometer. Then, both positive and negative mass spectra of TTX are measured. TTX 
shows (M+H)* and (M+H-H20)* ion peaks at m/z 320 and 302, respectively, in the positive 
mass spectrum, and an (M-H) peak at m/z 318 in the negative spectrum (Figure 13). 
Secondary ion mass spectrometry (SIMS) performed with a Hitachi M-80B mass 
spectrometer gave essentially the same result as that obtained by FABMS. An extensively 
purified sample is required for the successful application of this method. Nagashima et al. 
developed a method to detect TTX by TLC-FAB-MS, in which the limit for detection TTX 
was approximately 0.1 ugTTX. [44]. TTX was also detected clearly by cellulose acetate 
membrane electrophoresis/FAB-MS, along with selected ion-monitored chromatograms of a 
mixture of TTX, anhydroTTX, and tetrodonic acid (TDA). 
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Figure 13. Positive (right) and negative (left) FAB mass spectra of TTX [41]. 


4.3. Liquid chromatography mass spectrometry 


Liquid chromatography-mass spectrometry (LC-MS) is developed to detect TTX with 
considerable accuracy [45]. The major disadvantage of LC-FLD is the large difference in the 
structure-dependent fluorescence intensities of the analogs. In particular, the fluorescence 
intensities of 5-deoxyTTX and 11-deoxyTTX are approximately 1/20 and less than 1/100 of 
that of TTX, respectively, while those of 6-epiTTX and 11-norTTX-6(R)-ol are approximately 
20-fold and 10-fold greater than that of TTX, respectively [46]. LC-MS could solve this 
problem, if sufficient separation and high ionization intensities could be achieved. In this 
method, combined HPLC-MS is performed using a Hitachi M-1000 system coupled to a 
mass spectrometer. The HPLC system is equipped with an ODS (¢ 1.5 x 150 mm) column. 
MeOH or acetonitrile (50%, flow rate 70 l/min) is used as the mobile phase. The effluent 
from the column is split to provide flow to the ion-spray interface. Brackish water puffer 
toxins were analyzed by LC-MS [10, 11]. An example of LC-MS of a toxin purified from 
ribbon worms from Hiroshima Bay is shown in Figure 14. In the MS, a protonated molecular 
ion peak (M+H)+ appeared at m/z = 320 showing a molecular weight for the toxin(319) in 
good accordance with that of TTX. Tsuruda et al., detected TTX, 4-epiTTX, 4, 9-anhydroTTX, 
6-epiTTX and 4, 9-anhydro-6-epiTTX from toxin secreted by newts Cynops pyrrhogaster on 
being subjected to “handling stimulus” [47]. 


4.4. Electrospray ionization — Time of flight - Mass spectrometry 


Electrospray ionization time of flight mass spectrometry (ESI-TOF-MS) is applicable to 
many fields including the analysis of proteins, natural extracts, synthetic mixtures and 
medical drugs. ESI-TOF-MS is a valuable technique for identification of TTX, although it is 
not widely used to date in marine toxin determinations. In this analysis, a portion of 
purified TTX (less than 0.05 mg) is dissolved in a small amount of 1% AcOH, and the 
resulting solution is added to 50% aqueous MeOH. ESI-TOF-MS is run on a Micromass Q- 
TOF mass spectrometer. TTX in a tree frog Polypedates sp. extract has been successfully 
evaluated by ESI-TOF-MS analysis [48]. As shown in the spectrum of the toxin (Figure 15), 
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the protonated molecular ion peak (M + H)+ appeared at m/z = 320.1103, suggesting the 
molecular weight of the toxin to be 319.1025 which agrees well with that of authentic TTX 
(C1uHi7N3Os = 319.1016). 
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(A): Mass chromatogram of the ribbon worm toxin 
(B): Mass spectrum of the ribbon worm toxin 


Figure 14. LC-MS of the toxin from the ribbon worm Cephalothrix sp. from Hiroshima Bay. 
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Figure 15. ESI-TOF/MS analysis of a frog Polypedates sp. toxin [46]. 
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5. Infrared (IR) spectrometry 


IR spectrometry is the analytical technique for the determination of functional groups in 
TTX. Although the IR spectrum is presumed to be complex, it is a helpful tool to identify 
TTX. IR-spectra of KBr pellet were acquired using IR spectrophotometer, which was used by 
Onoue et al. for determination the IR spectrum of pufferfish toxin [49]. On the other hand, 
Tsuda et al. reported the IR spectrum of a TTX-HCI salt by the “Nujol” method [2]. Here we 
introduce another method as mentioned below. A part of TTX crystals purified from the 
specimens of ribbon worms were placed on a small KBr plate, and the IR spectrum was 
acquired using a FT-IR spectrometer (Perkin Elmer, Spectrum 2000) equipped with FT-IR 
microscope. As shown in Figure 16, absorption bands at 3353, 3235, 1666, 1612 and 
1076 cm" were observed in the spectrum of this crystal. This spectrum was indistinguishable 
from that of TTX reported previously, showing characteristic absorptions for the functional 
groups OH, guanidium, and COO: [2]. The absorption near 2400 cm"! was derived from the 
existence of COz in the air. The absorption around 1800 cm" and in the range of 3,600 — 4,000 
cm was derived from H20 in the air. Although the spectrum appears to be complex, it is a 
helpful tool for identification of TTX. 
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IR spectrum was taken on a FT-IR spectrometer (Perkin Elmer, Spectrum 2000) equipped with FT-IR microscope. 


Figure 16. IR spectrum of the toxin isolated from the ribbon worm Cephalothrix sp. from Hiroshima Bay. 
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6. Ultraviolet (UV) spectroscopy 


In UV spectroscopy, TTX is generally determined by irradiating a crude toxin with UV light. 
A small amount of TTX is dissolved in 2 ml of 2M NaOH and heated in a boiling water bath 
for 45 min. After cooling to room temperature, the UV spectrum of the solution is examined 
for characteristic absorptions, associated with C9-base, 2-amino-6-hydroxymethyl-8- 
hydroxyquinazoline, possibly formed from TTX and/or related substances, if present. In the 
analysis, the UVspectrum of the alkali decomposed compounds of TTX appears as a 
shoulder at near 276 nm, indicating the formation of C9-base specific to TTX or related 
substances (Figure 17). Saito et al. used this method in experiments analyzing TTX and its 
derivatives in toxic and nontoxic pufferfish [50]. 
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Figure 17. UV absorption spectra of the alkaline hydrolyzates of TTX fraction from non toxic species of 
pufferfish (“shirosabafugu” in Japanese) Lagocephalus wheeleri [48]. 


7. Proton nuclear magnetic resonance (H-NMR) spectrometry 


'H-NMR has played an important role as a complementary method to determine the 
absolute configuration of TTX. To date, many derivatives of TTX have been isolated, and 
their 'H-NMR data have been reported by various investigators. In a typical 'H-NMR 
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analysis, 5 mg of TTX crystals have been dissolved in 0.5 ml of 1% CDsCOOD in D20, and 
placed in a test tube. Figure 18 shows the ‘H-NMR spectrum obtained with a 500 MHz JEOL 
JNM-500 spectrometer, using the methyl group protons of acetone as the internal standard 
[39]. The 'H-NMR spectrum exhibited a singlet at 2.20 ppm (CHsCOCHs), a doublet 
centered at 2.33 ppm (J =10.0 Hz), a large proton peak at 4.76 ppm (HDO) and a doublet 
centered at 5.48 ppm (J=10.0 Hz). The pair of doublets around 2.33 and 5.48 ppm, which are 
the hallmarks of TTX and are assigned to H-4a and H-4, respectively, have been confirmed 
to be coupled with each other by double irradiation (Figure 19). These results agree well 
with the corresponding data of TTX. The signals at 4.24, 4.06, 4.28, 3.94, 4.00 and 4.02 ppm 
are assigned toH-5, H-7, H-8, H-9 and H-11, respectively (Figure 20). A toxin isolated from 
the horseshoe crab Carcinoscorpius rotundicauda from Bangladesh was analyzed by HPLC- 
FLD, TLC, electrophoresis and 'H-NMR, and was identified as TTX [51]. Identification of a 
neurotoxin from the blue-ringed octopus, brackish water pufferfish, marine pufferfish and 
so on as TTX via this method were reported [9, 10, 11, 17]. 
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Five milligrams of the ribbon worm toxin was dissolved in 0.5ml of 1% CDsCOOD in D2O and measured for 'H-NMR 
spectrum measured on a JEOL JNM-500NMR spectrometer, using acetone as the internal standard. 


Figure 18. 'H-NMR spectrum of the toxin isolated from the ribbon worm Cephalothrix sp. from 
Hiroshima Bay. 
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Five milligrams of the ribbon worm toxin was dissolved in 0.5ml of 1% CDsCOOD in D2O and measured for 'H-NMR 
spectrum measured on a JEOL JNM-500NMR spectrometer, using acetone as the internal standard. 


Figure 19. ‘H-NMR spectrum of the toxin isolated from the ribbon worm Cephalothrix sp. from 
Hiroshima Bay by means of irradiation at C4-H. 
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Figure 20. 'H-NMR spectral data of the toxin isolated from the ribbon worm Cephalothrix sp. from 
Hiroshima Bay, along with the structure of TTX. 
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8. Thin-layer chromatography 


TLC is a very commonly used technique in synthetic chemistry for identifying compounds, 
determining their purity. In TLC analysis, TTX is spotted onto a silica gel 60 precoated plate 
(Merck). The plate is developed in two different solvent systems of pyridine-ethyl acetate- 
AcOH -water (15:5:3:4) and 3-BuOH-AcOH-water (2:1:1) in a sealed chamber. The solvent 
rises by capillary action and an ascending chromatographic separation is obtained. The plate 
is then sprayed with 10% KOH followed by heating at 100°C for 10 minutes. The toxin is 
visualized as a yellow fluorescent spot under UV light (365nm). In TLC analysis, the Rf 
values of TTX are around 0.71(0.65) and 0.50, respectively [10, 51]. It is also possible to detect 
TTX on the TLC plate using the Weber reagent that gives pink spot of the toxin. The 
detection limit is about 2 ug of TTX (10 MU). TLC is a useful technique in those laboratories 
where HPLC and other costly analytical systems are not available. 


9. Electrophoresis 


Electrophoresis is a relatively simple and rapid method with high resolution detection of 
polar compounds like TTX [10, 11, 51]. When 1 ul of TTX (10 MU, corresponding to 2 ug) is 
applied onto a5 x 18 cm cellulose acetate membrane (Chemetron, Milano), the ion molecules 
of TTX move toward the cathode with a mobility (Rm) clearly smaller than that of authentic 
of STX. The analysis is performed for 30 minutes in an electrolytic buffer solution of 0.08 M 
Tris-HCl (pH8.7), under the influence of an applied electric field with a constant current of 
0.8 mA/cm width. The toxin is visualized in the same manner as described for TLC. 


10. Capillary isotachophoresis 


Capillary isotachophoresis proved to be a very effective technique for the analyses of 
organic acids, carbohydrates, drugs and amino acids. It is a rapid and accurate detection 
technique for TTX [52]. It is performed using a cationic system, as TTX exists as cation under 
acidic and neutral conditions. Conditions for capillary isotachophoresis composed of a 
leading electrolyte of 5 mM potassium acetate (pH6.0), containing 0.2% Triton X-100 and 0.5 
volume of dioxane, and a terminating electrolyte of 10mM (-alanine adjusted to pH 4.5 with 
acetic acid. When TTX is applied to isotachophoretic analyzer (Shimadzu IR-2A) equipped 
with a potential gradient 0.32, it is eventually monitored by the detector. The quantitative 
detection limit by this method is about 0.25ug of TTX. It was possible to quantify TTX 
content of contaminated puffer extracts without any pretreatment. 


11. Conclusion 


In an attempt to protect consumers from TTX-intoxication, the mouse bioassay has 
historically been the most universally applied tool to determine the toxicity level in 
monitoring programs. This bioassay, however, shows low precision and requires a 
continuous supply of mice of a specific size. These potential drawbacks and world-wide 
pressure to refrain from the unnecessary killing of live animals subsequently led scientists to 
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develop alternative chemical methods to the mouse bioassay for TTX detection and 
quantification. TTX levels in pufferfish are normally estimated using the mouse bioassay. 
However, this assay and other techniques such as TLC, electrophoresis, LC, 
spectrophotometry, and the enzyme-linked immunosorbent assay (ELISA) pose ethical 
concerns, are not specific and lack sensitivity and precision at low concentrations. HPLC- 
FLID and LC-MS/GC-MS are sensitive techniques for identification of TTX. However, due to 
the complexity of sample matrices and insolubility of TTX in organic solvents, HPLC-FLD 
and LC-MS (or LC-MS/MS) are more preferred methods than GC-MS. MS spectrometry is a 
powerful technique that also has an important future for the analysis of marine toxins. In 
addition to high sensitivity and selectivity, MS can provide structural information useful for 
the confirmation of toxin identity and the identification of new toxins. The drawback of LC- 
MS and LC-MS/MS analyses is that they involve the use of expensive instruments, which 
require higher maintenance compared to GC-MS. Nevertheless, for routine analysis of TTXs, 
HPLC-FID and LC-MS (LC-MS/MS) are expected to replace the conventional mouse bioassay. 
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1. Introduction 


Chromatography, at both preparative and analytical levels, has been a key experimental 
technique in the study of proteins, primarily liquid chromatography in the separation, 
purification, and analysis. Recent developments in the study of proteins lean towards 
simplification and miniaturization, thus chromatography becomes less involved and 
explored. For example, development of protein tags and their associated affinity matrices 
enables purification of a protein in one step. This chapter describes the identification and 
structure-function relation study of amylolytic enzymes from Saccharomycopsis fibuligera R64, 
where liquid chromatography was used as the major tool, not only in the purification but 
also biochemical analysis of the enzymes. 


2. S. fibuligera R64 secretes amylolytic enzyme 


S. fibuligera is a food-borne yeast that is widely used in the production of rice- or cassava- 
based fermented food, i.e. Tape in Indonesia and other Southeast Asia countries (1). The 
yeast, in combination with Saccharomyces cerevisiae or Zymomonas mobilis, has been employed 
in the production of ethanol using cassava starch as the starting material (2), where the 
starch is firstly degraded into simple sugars prior to (bio-) ethanol. Bioethanol has been 
promoted as a renewable energy replacing fossil fuels and at the moment is already used as 
an additive. As the demand for renewable energy grows, S. fibuligera emerges as an 
attractive workhorse for the bio-ethanol production. 
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Degradation of starch into sugars is performed by amylolytic enzymes, such as a-amylase, 
glucoamylase, B-amylase, isoamylase, pullulanase, exo(1-4)-o-D-glucanase, «-D-glycosidase, 
and cyclomaltodextrin-D-glucotransferase (Fig. 1) (3). S. fibuligera secretes amylolytic 
enzymes, almost exclusively o-amylase and glucoamylase. o-Amylase acts as an endo- 
enzyme, cleaving 1,4-a-glycosidic bond at random positions to result in liquefaction of 
starch. Glucoamylase, on the other hands, is an exo-enzyme that cleaves 1,4-0-glycosidic 
bond only at the non-reducing end to result in saccharification (4). Thereby upon the 
combined action of o-amylase and glucoamylase, starch is degraded into maltose, 
maltotriose, or dextrin, and subsequently hydrolyzed to glucose. 


The use of amylolytic enzymes for the ethanol production in the course of renewable energy 
requires an ability to act on raw starch, allowing the use of biomass as the starting material. 
The ability of S. fibuligera o- and glucoamylase to degrade raw starch has been reported (4, 
5). Interestingly, only 10% of amylolytic enzyme-secreting organisms are capable of 
producing raw starch degrading a-amylase (6, 7). Since starch degradation begins with a- 
amylase action to produce simpler sugars, raw-starch acting o-amylase is highly desired. 
This situation strengthens the position of S. fibuligera for bioethanol production, being a raw 
starch degrading enzyme producer. 
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Figure 1. Starch degradation by amylolytic enzymes (3). The open and black coloured circles represent 
the reducing and non-reducing sugars, respectively. Note that the cleavage occurs at the reducing 
sugar. 


o-Amylase is commonly used in food, beverage, paper industries (8), in textile industry and 
as additive in detergents (9, 10), for renewable energy (11, 12) and medical purpose (13). 
Glucoamylase has been the most important enzyme in food industry, mainly in the 
production of sugar or ethanol (14). Glucoamylase is normally employed in combination 
with amylolytic enzymes that are able to act on more complex polysaccharides, such as o- 
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amylase and pullulanase (14). Recently, amylolytic enzymes are employed in the production 
of lactic acid and ethanol by-product by lactic acid bacteria (LAB) (15), demonstrating that 
the application of amylolytic enzymes continues to expand. 


Interestingly, numbers and characteristics of amylolytic enzymes secreted by S. fibuligera 
vary from one strain to another. For example, strain IFO 0111 secretes only glucoamylase 
whilst strain KZ secretes o-glucosidase along with a-amylase and glucoamylase (4). Further, 
glucoamylases from strain IFO 0111 and HUT 7212 demonstrate raw starch degradation 
whereas that from the strain KZ does not. Glucoamylase from strain KZ, however, 
demonstrates better thermal stability (4). Fascinating to find these variations in their 
properties despite of their near identical acid sequences (16). Strain KJ-1, an S. fibuligera 
strain from Indonesia, is also reported to secrete only glucoamylase and its partial amino 
acid sequence (residues 28-47) is identical to that of glucoamylase from strain KZ (1). This 
observation indicates differences in expression and secretion of amylolytic enzymes 
between 5S. fibuligera strains. Nevertheless, the practicality of S. fibuligera in producing 
amylolytic enzymes applauds the proposal to sequence its whole genomic DNA (2). 


Of 136 isolates screened from various places in Indonesia, S. fibuligera strain R64 was 
selected for demonstrating the highest amylolytic activities (a-amylase and glucoamylase). 
Strain R64 is able to degrade raw starch and its amylolytic enzymes demonstrate potent 
thermal stability. This finding makes the amylolytic enzymes from strain R64 attractive. 


Extra-cellular amylolytic enzyme production by strain R64 is relatively simple, using a 
medium that contains of 1% sago starch and 1% yeast extract. The enzyme was harvested 
after 4-5 days of cultivation in a one-litre bioreactor, with constant aeration rate 1 vvm, 
volumetric oxygen transfer coefficient (ki) 1.53 per hour, agitation speed 100 rpm, 30°C, and 
pH 7.0. Under this condition, enzyme activity observed on starch degradation was 1320 
U/ml (Table 1). The production was also easily reproduced at a laboratory scale by means of 
Erlenmeyer flask (5). Thus, strain R64 offers a simple but convenient production scheme. 


3. Isolation of the amylolytic enzyme complex 


The amylolytic enzyme complex from strain R64, consisting of o-amylase (AMY) and 
glucoamylase (GLL1), is secreted into the production medium. Thus, the enzyme complex 
was harvested by simply cold-centrifugation (~4°C) at 6000 g for 30 minutes, to remove the 
yeast cells. The enzyme complex in the supernatant, which was designated as the crude 
extract, was subjected to a diafiltration system (Millipore Minitan II, Tangential Flow 
Filtration system, Merck Pte Ltd, Singapore) over a 10-kDa cut off membrane disc-plate, at a 
flow rate of 10-20 ml per minute, at room temperature. The enzyme complex was recovered 
in the retentate. Diafiltration step tremendously reduced the size of the sample, which is 
advantageous because the subsequent step to capture the amylolytic enzyme complex in the 
crude extract was precipitation with ammonium sulfate by 0-100%, on ice (~4°C). These 
sequential procedures demonstrate a straightforward way to isolate extra-cellular proteins 
that was accomplished within one-day operation, which is important for protein works due 
to, for example, possible degradation by proteases. 
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4. Purification of AMY and GLL1 in chromatography columns 


Since the final step in the isolation procedure in the pilot experiment was precipitation with 
high concentration of ammonium sulfate, subsequent purification on a size-exclusion 
chromatography (SEC) column appears to be the most appropriate approach because it also 
functions as a desalting procedure. SEC column requires minimum size of sample upon 
application (recommended less than 3-5% of the column volume), which can easily be 
overcome by dissolving the protein precipitate from ammonium sulfate precipitation in a 
small volume. Another option is purification using an anion or cation exchanger 
chromatography (abbreviated as AEX and CEX, respectively) columns. However, this either 
type of column requires the removal of salts prior to sample application. This requirement 
can be countered by either diluting the sample until the conductivity of the sample solution 
is low or by dialysis against a buffer that contains low salt concentration. 


The ammonium sulfate precipitate containing AMY and GLL1 was immediately dissolved 
in a small portion (3-5 ml) of 25 mM Tris-HCl buffer, pH 8.0. Unfortunately, AMY and GLL1 
were not separated in an SEC column as suggested from the enzyme activity assays. In a 
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS PAGE) analysis, AMY and 
GLL1 was not separated and appeared as one protein band with a molecular mass of 55+2 
kDa. Further, purification in a DEAE-cellulose AEX column has also failed to separate the 
two enzymes. This finding indicated a similarity in the distribution of charge on the surface 
of AMY and GLLI. In addition, there was a recommendation to avoid the use of 
carbohydrate- based column material for the purification of proteins with an affinity 
towards carbohydrate, because of the possible interaction between the protein and the 
supporting column matrix (17). Thus, both SEC and AEX columns were obliterated from the 
separation of AMY from GLL1. 


As purification strategies based on either protein size or charge failed to separate AMY from 
GLL1, exploiting differences of their protein surface hydrophobicity profiles emerged as an 
alternative. This strategy was tested on a hydrophobic interaction chromatography (HIC) 
column, where the purification proteins is based on the hydrophobic character of the surface 
of the proteins (18). In an HIC column, proteins in solution are conditioned with high salt 
concentration, which enforces interaction between proteins and the hydrophobic resin. 
Separation of AMY from GLL1 in an HIC column is lucrative because it can be carried out 
immediately after precipitation with high concentration of ammonium sulfate. Thus, the use 
of the HIC column is complementary to the developed isolation procedure. 


4.1. Separation of AMY and GLL1 in an HIC column 


The ammonium sulfate precipitated protein was dissolved in 25 mM Tris-HCl buffer, pH 
8.0, containing 25% ammonium sulfate (w/v). This protein solution was applied to a butyl- 
Toyopearl 650M HIC column (Tosoh Bioscience Corp., Tokyo, Japan), which had previously 
been equilibrated with the same buffer. The column was then eluted with 25 mM Tris-HCl 
buffer, pH 8.0, containing a decreasing concentration of ammonium sulfate (25-0% of 5% 
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decrement, w/v). The separation profile of AMY and GLL1 in the HIC column is presented 
in Fig. 2, AMY was eluted at the ammonium sulfate concentration of 15% (w/v) whilst GLL1 
was at 5% (w/v). This result demonstrated that AMY and GLL1 were successfully separated 
based on their hydrophobicity. Moreover, the elution profile suggests that the surface 
character of GLL1 is more hydrophobic than AMY. 


Purification of proteins in HIC column is influenced by the pH of the solution where 
hydrophobic interaction is stronger at lower pH (19). This means, less hydrophobic proteins 
are bound stronger onto the HIC matrix at lower pH value. This phenomenon may explain 
different separation profile of AMY and GLL1 observed upon purification in an HIC column 
using phosphate-citrate buffer system at pH 5.8 (5), where o-amylase activity was detected 
in the GLL1 fraction. Although this hypothesis is yet to be proven, the separation at neutral 
to basic pH (above 7.0) is recommended for optimum operation. 
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Methanol 


5 10 15 20 25 30 35 40 
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Figure 2. Separation profile of AMY and GLL1 in the butyl-Toyopearl 650M HIC column. The black, 
red, and green lines represent the protein absorbance at A 280 nm, a-amylase activity (X 500 U/ml), and 
glucoamylase activity (X 10 U/ml), respectively. o-Amylase activity was based on starch degradation 
(20) whilst glucoamylase was on reducing sugar (21). 


The use of HIC column to separate S. fibuligera o-amylase from glucoamylase was reported 
previously with an amylolytic enzyme preparation from strain KZ (22). That attempt was 
performed using a Spheron 300 LC HIC column, following successful separation of hog’s 
pancreas o-amylase from its amylolytic enzyme complex (23). However, unlike butyl- 
Toyopearl column where proteins are captured by the butyl ligand, hydrophobic 
interactions in a Spheron column occur between the proteins and the hydrophobic backbone 
of the matrix, similar to separation of proteins in a reversed-phase high performance liquid 
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chromatography (RP-HPLC) column. In the Spheron 300 LC column, o-amylase (strain KZ) 
was eluted at an ammonium sulfate concentration of 10% whilst glucoamylase was at 5%. 
The separation profile, however, is strikingly similar to that of AMY and GLL1 with butyl- 
Toyopearl column. However, separation of AMY from GLL1 in the butyl-Toyopearl column 
has better resolution, suggesting variations in the surface properties of S. fibuligera o- 
amylase and glucoamylase from different strains, or the butyl-Toyopearl resin serves for 
better separation because there is no interaction between the proteins and the supporting 
matrix. Nevertheless, these results emphasize the power of HIC to separate o-amylase from 
glucoamylase. 


4.2. Subsequent purification of AMY or GLL1 in chromatography columns 


Intended for their characterization, AMY and GLL1 were independently collected and 
subjected to subsequent purification with DEAE-Toyopearl 650M AEX column. An SDS 
PAGE analysis showed that these purification steps resulted in pure AMY (5) and GLL1 
(16). The final purification scheme of AMY is summarized in Table 1. Further, whilst the 
presence of two and three types of o-amylase and glucoamylase, respectively, were reported 
upon purification of these amylolytic enzymes from strain KZ by a Mono-Q anion 
exchanger column (22), AMY and GLL1 appeared to be the only amylolytic enzyme species 
from strain R64. Nevertheless, additional analysis was performed to confirm that the 
isolation of purified AMY and GLL1 was unanimous. 


Volume Total Total protein Specific Yield 
(ml) activity (mg) activity (% 
(Units) (U/mg) 


) 
75% AS 
DEAE-Toyopead | od [| _sa0o0 100 [ sao __22| 


Table 1. The final purification scheme of AMY. AS stands for ammonium sulfate. 


4.3. Identification of AMY and GLL1 using RP-HPLC for protein 


Nowadays, identification of proteins usually employs techniques with sophisticated and 
delicate instrumentation e.g. peptide-mass finger print mass spectrometry (PMF-MS) (24). 
Unfortunately, this technique is rather pricey and furthermore, requires convenient access to 
the protein database and to the amino acid sequence of the protein. Particularly in the lack 
of the latter, which is a very common situation in the early stage of protein works, the 
separation of AMY from GLL1 was confirmed by a more simple and robust technique, 
exploiting the use of an RP-HPLC system (25). The analysis using RP-HPLC is based on the 
fragmentation profile of a protein after proteolytic digestion. Proteolytic digestion of AMY 
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was expected to result in fragmentation profile that differs to that of GLL1, as reflected from 
their chromatographic profiles. 


The analysis of AMY and GLL1 by RP-HPLC was carried out essentially following 
Soedjanaatmadja and co-workers on the identification of pseudo-hevein from the latex of 
rubber tree (26). Firstly, purified AMY was incubated for four hours at 37°C with 
chymotrypsin (EC. 3.4.21.1), at an AMY to chymotrypsin mass ratio of 100:1, in 200 mM 
ammonium bicarbonate buffer, pH 8.0. The reaction was stopped by an addition of 10 mM 
hydrochloric acid, to lower the pH of the solution. Preparation of GLL1 sample was done in 
the same way, including the substrate to chymotrypsin mass ratio. 


The reaction mixture was immediately applied to an RP-HPLC nucleosil 10 C18 column (30 
x 0.45 cm) and the separation was performed for 60 minutes, at a flow rate of 1 ml/min, 
using 0-70% acetonitrile gradient in 0.1% trifluoroacetic acid (TFA). Elution of fragments 
was monitored at A 214 nm, which is specific for detection of peptide bonds. The fragments 
are eluted according to their hydrophobicity, where more hydrophobic fragments are 
retained longer in the RP-HPLC column. 


Chymotrypsin cleavage takes place on peptide bonds at the C-terminal part of preferably 
tyrosine, phenylalanine, tryptophan, and leucine residues, and with (much) less extent of 
methionine, valine, isoleucine, histidine, glycine and alanine residues (27). Due to this broad 
specificity, the cleavage may result in many fragments varying in size and hydrophobicity, as 
observed in the chromatographic profiles of proteolytically digested AMY and GLL1 (Fig. 3). 


A 6 B 


Oz 


09 
a 


> 


0s 
os 
os 


or 
o 


or 

0? 
- 

o 


oc 
0 


| 
5 || pees eS 
| 
| 


ae 
an 
2 
a 
= 


- 2 


als ols 


Figure 3. Chromatographic profile of fragments from proteolytic digestion AMY (A) or GLL1 (B) as 
monitored at A 214 nm. 


The fragmentation profile of AMY was significantly different from that of GLL1. Six sets of 
resolved peaks were recovered in both cases (Fig. 3) but their retention time, intensities, and 
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peak distribution were different. Intensity of the peaks suggested much less materials were 
recovered from GLL1 digested samples than from AMY. This situation is likely contributed 
from highly hydrophobic or negative charged fragments that were not eluted from the RP- 
HPLC column due to their poor solubility in the solvent used (28). The amino acid 
sequences of AMY and GLL1 (see 3.5) showed that the charged amino acid distribution in 
the amino acid sequence of GLL1 (100 charged amino acid residues out of 494, ~20.2%) is 
higher than that of AMY (86 out of 468, ~18.4%), thus AMY contains more hydrophobic and 
non-charged amino acids. Unfortunately, correlation between the result from RP-HPLC and 
hydrophobic amino acid distribution cannot firmly be established because the nature of 
chymotrypsin digestion was unclear. The results may indeed indicate that hydrophobic 
amino acids in GLL1 are likely more clustered than in AMY, resulting in highly 
hydrophobic peptide fragments in GLL1. This hypothesis may be related to the structure of 
GLL1 (Fig. 8), which consists of one globular molecule that opposes two separable domains 
of AMY. However, possibility for the existence of highly negative charged peptide 
fragments from GLL1 can also not be excluded. Nevertheless, of the eluted fragments (Fig. 
3), majority of AMY fragments are localized at peaks 5 and 6 whilst GLL1 are at peaks 3 and 
4, suggesting different fragmentation had occurred. Thus, the RP-HPLC profiles of AMY 
and GLL1 indicated successful separation of the two enzymes. 


4.4. Analysis of starch hydrolysis products to discriminate AMY and GLL1 


Glucoamylase hydrolyzes starch at the non-reducing end of amylose or amylopectin to 
result in glucose therefore the enzyme activity assay is normally based on the release of 
reducing sugar (21, 29). Unfortunately, o-amylase random digestion of starch may also 
result in reducing sugar i.e. maltose (30) therefore detection of glucoamylase activity in an 
o-amylase preparation can be anticipated. Glucoamylase can also, at lesser extent, act on 1,6- 
a-glycosidic bond of amylopectin (31), although its efficiency diverse greatly depending on 
the source organisms. Hydrolysis of the 1,6-0- bond may result in a less integrated starch 
molecule, hampering the formation of iodine-starch complex, which is the basis of standard 
o-amylase activity assay (20). Therefore, cross-detection of the two enzyme activity assays is 
inevitable. This phenomenon was notorious upon separation of AMY from GLL1 at pH 5.8 
(5), where &-amylase activity was detected in GLL1 fractions. 


One approach to discriminate o-amylase and glucoamylase is via the evaluation of their 
hydrolysis product. o-Amylase action results in various kind of oligomeric sugars (32) 
whilst glucoamylase hydrolysis product is glucose (monomeric). Based on this principle, 
successful separation of GLL1 from AMY was assessed through their hydrolysis products, 
as analyzed with Thin Layer Chromatography (TLC) (16), using purified GLL1 that was 
obtained from the purification procedure carried out at pH 5.8. 


Purified GLL1 was incubated with soluble starch substrate at 37°C and samples were taken 
after 5, 10, 15 and 45 minutes of incubation. Each sample was then applied onto a silica gel 
60 TLC plate (20 cm x 20 cm, Merck, Darmstadt, Germany) using capillary glass tube. The 
plate was then placed in a TLC separation chamber that had been equilibrated with the 
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mobile phase, which was the mixture of butanol : ethanol : water (at a ratio of 5:5:3, v/v/v). 
The plate was retrieved from the TLC separation chamber after the mobile phase migration 
reached three quarters of the length of the plate and then immediately short-submersed (few 
seconds) in a mixture of water : methanol : sulphuric acid (at a ratio of 45:45:10, v/v/v). The 
plate was then heated at 120°C for 15 minutes on a hot plate for visualization of the sugars. 


The TLC profile (Fig. 4) shows that the product of starch hydrolysis by GLL1 was solely 
monosaccharide i.e. glucose (G1). The intensity of the G1 spot was increasing from 5 to 45 
minutes of incubation, indicating that glucose was produced over time. The spots at the 
sample application points were from the un-hydrolyzed soluble starch substrate. 
Apparently, most of the starch molecules were hydrolyzed within 15-45 minutes of 
incubation. Most importantly, no higher oligomeric sugar forms were detected, even during 
the first 5-10 minutes of incubation, suggesting the absence of o-amylase. This result 
provided the undisputed proof that GLL1 had successfully been separated from AMY 
despite of o-amylase activity was detected in the GLL1 fraction. Thus, the detected a- 
amylase activity was not originated from AMY. 
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Figure 4. Analysis of starch hydrolysis products of GLL1 on a TLC plate (16). Lane 1-4 is hydrolysis 
products after 5, 10, 15, and 45 minutes, respectively. Lane 5 is the mono- (G1), di-(G2), and oligo- 
saccharide (G3-G7) markers. 


4.5. Properties of AMY and GLL1 


Since the purity of AMY and GLLI1 was firmly established, each enzyme could now be 
characterized. AMY was found active at a pH range of 5.0-7.5 and a temperature range of 
30-60°C, with an optimum at 5.5 and 50°C, respectively (5). GLL1 was also found active a pH 
range of 4.6-6.8 and a temperature range of 30-65°C, with an optimum at 5.6-6.4 and 50°C, 
respectively (16). These results suggest that the two enzymes are active at similar conditions. 
Moreover, their characters are similar to most other S. fibuligera amylases. 


Recently, the amino acid sequences of AMY (GenBank accession code HQ172905) and GLL1 
(HQ415729) were successfully elucidated as derived from their chromosomal DNA (16, 33). 
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The amino acid sequence of AMY is similar to that of published earlier by Itoh and 
coworkers (34), having mutations at six amino acid residues (Asp>Asn153, Ile>Val159, 
Ser>Asn190, Ser>Xaa216, Asp>Asn239, and Ser>Thr295). The six deviating residues in AMY 
comprise an additional predicted glycosylation site (Asn153), which according to a 
structural modelling, is highly plausible because it resides in a long surface loop (33). 


The amino acid sequence of GLL1 is similar to glucoamylases from strain HUT 7212 (GLU) 
and KZ (GLA) (16). GLU and GLA share high sequence identity (4), with only seven amino 
acid residues different. However, these seven residues are responsible for differences in 
their characteristics, where GLA exhibits potential thermal stability and GLU has higher 
affinity towards substrate. The amino acid sequence of GLLI also differs to both GLU and 
GLA at precisely those particular seven residues, which four are being identical to GLU and 
three to GLA. Interestingly, these mutations result in GLL1 to adopt the potential thermal 
stability and higher affinity towards substrate. Thus, GLL1 behaves as a hybrid of GLU and 
GLA. 


The calculated theoretical pI values (35) of AMY and GLL1 (based on the amino acid 
sequences of their mature protein sequences: AMY sequence starts at residue Glu27 of the 
full-length protein containing signal and pre-peptides as encoded by AMY gene whilst 
GLL1 sequence starts at residue Alal as reported in the data base) were 4.4 and 4.3, 
respectively. The isoelectric point (pI) value of AMY was confirmed experimentally, being 
4.6+0.2. This finding supports the early observation that AEX or CEX columns are unable to 
separate the two enzymes. Similarly, the calculated theoretical molecular masses of AMY 
and GLL1 were also similar, being 51.7 kDa and 54.6 kDa, respectively. Both values were 
confirmed experimentally, being 54+2 kDa for AMY and 56+2 kDa for GLL1. Additional +2 
kDa of AMY and GLL1 masses is likely contributed from glycosylation. This result also 
confirms the inability of SEC column to separate them. 


The activity of AMY is diminished in the presence of ethylene diamine tetra acetate (EDTA), 
a chelating agent. Inactivation of o-amylase by chelating agent is well known, as the enzyme 
requires calcium ion for its activity and integrity (36). This inactivation by chelating agent 
was not observed with GLL1. However, the activities of both AMY and GLL1 were 
increased in the presence of calcium or magnesium ions (data not shown). Further, AMY 
demonstrated lower activity in phosphate-citrate buffer. This phenomenon may arise from 
the citrate, which is reported to interact with calcium ion (37). The activity of AMY 
decreased concomitantly with the increase of the citrate buffer concentration but was fully 
recovered upon back-titration with calcium chloride (data not shown). Based on this 
observation, citrate buffers (1, 5) should only be used with considerable reservation and the 
use of tris buffer is recommended. This recommendation is in line with the necessity to 
perform purification at basic pH for HIC. In addition, this finding may also explain higher 
glucoamylase activity detected in AMY fractions when the purification was carried out 
using phosphate citrate buffer, pH 5.8 (5). Since the buffer does not influence the 
glucoamylase activity as it does to AMY, the disparity between the two enzyme activities 
was much less pronounced in comparison to the one presented in Fig. 2. 
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The hydrophobicity profile of AMY and GLL1 was analyzed based on the amino acid 
sequence of the mature enzymes (38), using an online analysis service at ExPASy 
(http://web.expasy.org/protscale/) (35). Another handful online service is also available at 
http://www.vivo.colostate.edu/molkit/hydropathy/index.html. The window size values for the 
frame normalization were scanned from 3 to 21 and compared to determine the significance of 
the regions that represent the hydrophobic character. The profile at window frame 9 
(recommended for hydrophilic protein) and 19 (for hydrophobic protein) are presented in Fig. 
5. The prediction points were linearly weighted with 100% relativity at the window edges. The 
score for hydrophobicity is ranged from -4.5 (hydrophilic) to 4.5 (hydrophobic), where the 
curve above the midpoint (zero) is interpreted as regions with hydrophobic character. As 
shown in Fig. 5, regions with hydrophobic character in AMY are at the residues 50-75, 210-230, 
310-330, 375-410, and 425-440, whilst for GLL1 are at 225-230, 375-380, 425-445, and 475-480. 
This ab initio results suggest that AMY has more fragments with hydrophobic character, which 
may also be due to the presence of two separable domains in AMY that each has its own 
hydrophobic core. However, this result may not be corresponded with RP-HPLC profile as the 
fragmentation of AMY and GLL1 upon digestion with chymotrypsin occurs randomly, where 
more hydrophobic fragments could be produced from GLLI1. 
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Figure 5. Hydrophobicity profile of AMY and GLL1 as calculated according to their amino acid 
sequences (38). The upper graphs are produced with window frame of 9 whilst the lower was with 
that of 19. 


281 


282 Chromatography — The Most Versatile Method of Chemical Analysis 


Another computational study was performed using the on-line hydrophobic cluster analysis 
(HCA) program (39). This approach has previously been done to compare the hydrophobic 
clusters in o-amylases (40). The sequence of AMY and GLL1 were submitted to the drawcha 
server (http://bioserv.impmc.jussieu.fr/hca-form.html) and the resulted profiles were 
analyzed manually following Gaboriaud et al. (41). The profiles were manually mismatched 
with the structures of AMY (in silico, generated from its homolog, see section 5) and GLU, 
correspondingly. AMY was predicted to have 34 hydrophobic clusters whilst GLL1 was 17. 
However, only 3 hydrophobic clusters of AMY are exposed on the protein surface as oppose 
to 7 of GLL1. The analysis suggests the presence of more hydrophobic patches on the 
surface of GLL1 than on that of AMY. Thus the result corresponded with the experimental 
finding with HIC column. 


5. AMY recombinant behaviour on purification in chromatography 
columns 


The biochemical characteristics of AMY and GLL1 are to be improved to meet specific 
conditions for application, such as resistance to high temperature, chemical inactivation, and 
proteases (42). This can be achieved by engineering at both gene and protein levels, which 
require convenient access to the genetic information and protein structure. Although the 
genes encoding for AMY or GLL1 are successfully elucidated, commencing an educated and 
directed genetic engineering entails the structure of the enzymes. The amino acid sequence 
of GLLI is nearly identical to that of GLU (43), which its structure has been reported (in 
complex with amylases inhibitor acarbose, PDB accession code 2F6D). Therefore, structural 
study of GLL1 was performed employing the structure of GLU. The structure of S. fibuligera 
o-amylase is, on the other hands, not available. The structural study of fungal o-amylase has 
been employing the structure of the enzyme from Aspergillus niger (PDB code 7TAA) (44), 
which shares only 35% homology to AMY (5). Although the use of that structure is 
amenable, it might not be able to describe the details of characteristics of AMY. Therefore, 
elucidating the structure of AMY became a priority. Leading to this aim, heterelogous 
expression of AMY in Escherichia coli was attempted. 


Overexpression of soluble and functional AMY in E. coli, with a Hise-tag at its N-terminus 
for easy purification on a Nickel-agarose affinity column, was unsuccessful. This situation 
was not improved after change of the vectors that harbour the AMY gene and of E. coli 
strains, and manipulation of overproduction conditions. No amylolytic activity or protein 
band at the expected molecular mass upon an SDS PAGE analysis was detected in the cell 
lysate. Overexpression of proteins from higher organisms in bacterial system often results in 
the formation of inclusion bodies because of the lack of post-translational machinery (45). As 
a-amylase is a glycoprotein (46), which requires post-translational modification for its 
expression, this lack of that machinery was an obvious suspect. Actually, was AMY 
overexpressed successfully in E. coli as soluble protein, attempt leading to structure 
determination would be easier because post-translational modifications are reported to 
hamper protein crystallization (47), the initial step for structure determination by means of 


Chromatography as the Major Tool in the Identification and 
the Structure-Function Relationship Study of Amylolytic Enzymes from Saccharomycopsis Fibuligera R64 


X-ray crystallography. Nevertheless, based on the result of overexpression, the attempt for 
heterelogous expression of AMY in E. coli was withdrawn for the use of expression system 
from higher organism i.e. yeast S. cerevisiae. 


S. cerevisiae has been a popular choice for heterelogous expression of proteins (48) and tested 
to express o-amylase and glucoamylase from S. fibuligera strain HUT 7212 (49, 50). S. 
cerevisiae expression system for expression of S. fibuligera o-amylase and glucoamylase has 
also been improved, i.e. the enzymes expression was drastically increased under the control 
of the S. cerevisiae constitutive phosphoglycerate kinase (PGK) promoter (51). Motivated 
from that success, AMY was overexpressed in S. cerevisiae INVSc1, using yEP-secretex vector 
and galactose as the inducer. However, although AMY recombinant demonstrated similar 
activity to AMY, its molecular mass is substantially higher, being 67+2 kDa. Unfortunately, 
no such information was provided from the expression of S. fibuligera o-amylase from 
strains HUT 7212 (50) and Eksteen (51). Since no polypeptide chain or protein tag was 
added, different glycosylation profile was likely the reason for the increase in the molecular 
mass of the recombinant protein. The finding of a plausible additional glycosylation site in 
the amino acid sequence of AMY applauds this proposal. 


5.1. AMY recombinant behavior upon purification in AEX columns 


Likewise AMY, AMY recombinant was secreted into overproduction medium therefore it 
was harvested by cold centrifugation at 6000 g for 30 minutes to remove the yeast cells. The 
enzyme was captured from the medium by fractionation with ammonium sulfate at a 
saturation degree of 0-100%. The ammonium sulfate protein precipitate was dissolved in 50 
mM Tris-HCl buffer, pH 8.0 (~5 ml) and then dialyzed overnight against one litre of that 
respective buffer in the cold room (~4°C). 


The dialyzed AMY recombinant was then loaded onto a resource-Q AEX column (GE 
Healthcare Europe GmbH, Diegem, Belgium), which had been equilibrated with that 
respective buffer. Purification was performed in a cold cabinet (~7°C) using a fast protein 
liquid chromatography (FPLC) Akta system (GE Healthcare Europe GmbH, Diegem, 
Belgium) and monitored on-line with the Unicorn program. The enzyme was recovered 
from the column upon an elution with an increasing gradient of sodium chloride 0-1 M. As 
the control, purified AMY was also subjected to purification with the same column. 


Purification of AMY in the resource-Q column showed that minor contaminants were still 
present in the purified sample (Fig. 6). The major contaminant has, however, higher 
absorbance at A 260 nm, suggesting that it may not be protein. This contaminant appeared 
yellowish in colour, which may be originated from the overproduction medium component 
that was co-purified in HIC, AEX, and SEC columns. Further, the elution profile of AMY 
recombinant was very similar to that of AMY, except for an additional large protein peak 
upon sample application and washing step prior to the sodium chloride salt gradient. These 
additional peaks unmistakably are originated from other proteins and components of 
overproduction medium because the AMY recombinant sample applied was not purified 
prior to this column. AMY recombinant was not pre-purified with the HIC because no 
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glucoamylase was co-produced. Nevertheless, similarity of their elution profiles in the 
resource-Q AEX column suggests that AMY and AMY recombinant share similar surface 
charge distribution. 
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Figure 6. Elution profile of AMY on a resource-Q AEX column. The blue, red, and brown lines 
represent absorption at A 280 nm (protein), at A 260 nm, and the conductivity (mS/cm). 


Further, AMY recombinant was subjected to purification in DEAE-52 cellulose AEX column 
(Whatman Nederland BV, s’Hertogenbosch, The Netherlands) following the purification of 
S. fibuligera o-amylase strain HUT7212 (46). Although DEAE cellulose have failed to 
separate AMY from GLLI in the previous attempt, the binding of AMY to this AEX resin at 
purification conditions similar to that of Matsui’s was observed. Thus, AMY recombinant 
should produce a comparable elution profile, as demonstrated previously during its 
purification on the resource-Q AEX column. 


Supernatant from cold centrifugation was mixed with DEAE-52 cellulose AEX resin that had 
been equilibrated with 50 mM sodium acetate buffer, pH 5.2. After 1.5 hours of incubation at 
4°C, the resin was allowed to settle and the unbound proteins were carefully decanted. The 
resin was washed three times with and then suspended in the respective buffer. The DEAE- 
52 cellulose AEX suspension was poured into an empty chromatographic column and eluted 
with the respective buffer. The proteins were recovered from the column by a sodium 
chloride salt gradient 0-1 M. 


Surprisingly, AMY recombinant was not bound to DEAE-52 cellulose AEX resin, as judged 
from both SDS PAGE analysis and enzymatic assay. Reflecting back to purification on the 
resource-Q AEX column at pH 8.0, AMY and AMY recombinant were eluted at 30-35% of B 
solution (1 M sodium chloride, thus 300-350 mM), suggesting that the enzymes were not 
strongly bound to the AEX matrix. Thus, to observe no interaction between AMY 
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recombinant and AEX resin at pH 5.2 is logical, although the pH is still higher than the pl of 
the enzyme. However, AMY demonstrated binding to DEAE-52 cellulose matrix in that 
condition, suggesting the recombinant protein has different protein surface character. 


5.2. AMY recombinant behavior upon purification in sugar affinity columns 


Another approach to purify AMY recombinant is the use of a-, B-, or y-cyclodextrin (CD) 
columns, which was reported previously for the purification of amylolytic enzymes (52). CD 
is cyclic polymer of D-glycopyranosy] that is linked by o-D-(1-4) glycosidic bond and has no 
non-reducing or reducing ends. The a, B-, or y- variant of cyclodextrin matrices differs only 
on the number of glucose residue that builds up the dextrin ring, being six, seven, and eight, 
respectively (53). The protein target is bound to the interior of the CD molecule via 
hydrophobic interactions, since this interior part is less hydrophilic than its surroundings. 
From this perspective, CD columns have similar function to HIC column. CD also interacts 
with the raw starch affinity but not active sites of o-amylases (53), unlike pullulanase or 
cyclodextrin glycosyltranferase. Interestingly, the binding to CD column also occurs to the 
raw starch degrading but not adsorbing o-amylases. These reports showed that the 
purification of amylolytic enzymes on a CD column is based on their affinity towards 
substrate like matrix material. 


The use of CD affinity columns is lucrative because the purification can directly be carried 
out after the harvesting step. After cold centrifugation, the supernatant that contained AMY 
recombinant was directly loaded onto a-, B-, or y- CD affinity columns, which had already 
been equilibrated with 10 mM sodium acetate buffer, pH 5.5. After an extensive elution with 
the same buffer to remove unbound proteins, the column was eluted with 1% (w/v) a-, B-, or 
y- CD in 10 mM sodium acetate buffer, pH 5.5, respective to the type of the column. Samples 
taken during the elution were subjected to an analysis with SDS PAGE. As the control, this 
purification procedure was also applied to the purified AMY. 


Purification of AMY on the CD columns showed an equally strong interaction with both a- 
and B-CD matrices variant but weakly to y-CD, as judged from the amount of AMY eluted 
from the respective CD column (Fig. 7). The result is in agreement with the reported use of 
CD column to separate o- from B-amylase from the amylolytic complex in higher plants (52). 
Surprisingly, AMY recombinant was not bound onto any of the CD matrices. This result set 
further doubt on the surface character of AMY recombinant as being different to AMY. 
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Figure 7. Elution of AMY from the o- (lane 2), B- (lane 3), and y- (lane 4) CD columns. In lane 1 is the 
molecular mass marker. 
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Excessive amount of contaminants from the production medium was one of the suspects for 
this altered AMY recombinant behaviour upon purification with AEX DEAE-52 cellulose or 
CD columns, but the result from the latter challenged that possibility. Instead, different 
glycosylation pattern emerged as the prime suspect because glycosylation has indeed been 
reported as the main drawback for heterelogous expression of protein in S. cerevisiae (48). 
Hypermannosylation was detected upon the overexpression of A. niger glucoamylase in S. 
cerevisiae (54). Change of glycosylation profile may have negative impact as it can demolish 
enzyme activity or even change protein function (48). Furthermore, different glycosylation 
pattern may explain the observed higher molecular mass of AMY recombinant. 
Unfortunately, comparable information from similar works on the expression of S. fibuligera 
o-amylase from strains HUT 7212 (50) and Eksteen (51) was also not available. 


Overexpression of amylolytic enzymes in S. cerevisiae is very attractive because it leads to 
direct conversion of starch to ethanol (11), for generation of renewable energy. Heterelogous 
expression of AMY in yeast S. cerevisiae has been successful to produce AMY recombinant, 
in term of enzyme activity. This AMY recombinant could be employed in further work 
leading to production of bio-ethanol. However, the purification profile of AMY recombinant 
differs substantially to AMY and the cause for this problem is yet to disclose. Therefore, the 
use of AMY is still preferred for the structure-function study. 


6. Structure function study of AMY in the absence of the structure 


The domain organization of AMY was studied by means of limited proteolysis by trypsin- 
TPCK, which has specific activity to cleave lysine and arginine residues. This procedure was 
employed to study the domain organization of bacterial cellulase (55). The fragments 
recovered from the limited proteolytic digestion of AMY were separated in a SEC column 
and subjected onto functional analysis (5). 


Benefiting from the availability of amino acid sequences of AMY and GLLI, structural study 
in silico was performed (33). The structural model for AMY was prepared using the online 
model building program from the EMBL-EBI (56). Briefly, the amino acid sequence of AMY 
derived from its DNA (GenBank ID: HQ172905) was submitted to the online program 
SWISS-MODEL (57) using the structure of Taka-amylase from A. niger (PDB code 7TAA) as 
the template. The resulted model (7TAAmt) was evaluated using the program MolProbity 
(58), and manually assessed using the program COOT (59). The graphic representation was 
prepared with the program PyMOL (60), equipped with the programs PDB2PQR (61) and 
APBS (62) for the calculation of the surface charge distribution. As for GLL1, the structure of 
GLU was adopted because of near identical amino acid sequence. 


The protein surface of AMY and GLL1 is mainly composed by negatively charged amino 
acid residues (Fig. 8). AMY does have more hydrophobic residues but they are concentrated 
at the interface between A/B to C domains. Discounting these domain interface hydrophobic 
residues in AMY, GLL1 has more hydrophobic patches on its surface. The large 
hydrophobic patch on the surface of AMY (Fig. 8, top right) is interrupted by positively 


Chromatography as the Major Tool in the Identification and 
the Structure-Function Relationship Study of Amylolytic Enzymes from Saccharomycopsis Fibuligera R64 


charged residues (lysine) and putative additional glycosylation site, which increases the 
overall hydrophilicity of that hydrophobic patch. The surface representation suggests that 
the surface profile of GLL1 is more hydrophobic, thus the in silico study supports results 
from the purification in HIC column. The overall negative charged residues on the protein 
surface might also explain the need for basic pH for the buffers used in the purification as 
well as the low pI of the two enzymes. 


GLL1 


Active site 


Figure 8. Surface charge distribution representation of AMY and GLL1. The red and blue colour 
represents negatively and positively charged amino acid residues, whilst the whitish are neutral of 
hydrophobic amino acids. The C domain of AMY is shifted away for clarity. 


6.1. Proteolytic digestion of AMY 


Purified AMY was incubated with trypsin treated with tosyl phenylalanyl chloromethyl 
ketone (TPCK) for 72 hours at 37°C at a substrate to protease mol ratio of 15:1. The reaction 
was carried out in 25 mM Tris-HCl buffer, pH 8.3 containing 20 mM calcium chloride. The 
reaction mixture was then transferred to -20°C for storage prior to further analysis in SDS 
PAGE analysis, or immediately applied to a sephadex G50 SEC column for the enzyme’s 
domain separation (5). 
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Digestion of AMY by trypsin-TPCK resulted in two fragments with molecular masses of ~39 
kDa (f39) and ~10 kDa (f10) (5), as judged from an SDS PAGE analysis. Based on the size of 
the fragments and proteolytic cleavage prediction according to its amino acid sequence, the 
£39 is designated as the N-terminal domain whilst f10 as the C-terminal. o-Amylases 
structure comprises of an (o/B)s-TIM barrel structural motif that is built up from the N- 
terminal part (domain A and B) and of the C-terminal part (domain C) (63). These two major 
domains are linked by a long surface loop. The integrated domain A/B is assigned as the 
catalytic domain whilst domain C is postulated as the starch-binding domain. As the two 
major domains of AMY were apparently separated upon proteolytic digestion, the 
functioning of £39 and f10 were evaluated. 


6.2. Separation of £39 and f10 in an SEC column 


The separation of £39 and f10 was performed in a Sephadex G50 SEC column (@1.3 x 50 cm, 
bed volume ~48 ml) with gravity flow, in 20 mM phosphate citrate buffer, pH 5.8. Fractions 
of 5 ml were collected and the protein elution profile was measured by absorbance at A 280 
nm (UV-160, Shimadzu Corp., Tokyo, Japan). Only the collected protein absorption peak 
fractions were used for further analysis. As the control, purified AMY was also applied to 
the column and eluted with the same conditions for the proteolytically digested sample. The 
amount of AMY applied was also kept similar to that of used in the proteolytic reaction for 
fair comparison. 


Two distinct protein peaks were recovered from the proteolytic digestion reaction mixture 
(Fig. 9) as oppose to one peak from the purified AMY. The use of SEC column at a 50 kDa 
cut off allowed a clear separation because AMY was eluted right at the end of the void 
volume retention whilst digested AMY was eluted after the void volume. Trypsin (~23 kDa) 
was not detected because its amount was very small (out numbered by £39 and f10, having 
an AMY to trypsin mass ratio of 34:1). Should trypsin be detected, it may contribute to a 
small increase of absorbance at fraction 7 of the digested AMY. Fractions 3 (of AMY), 4 and 
8 (of £39 and f10, respectively) were selected for further analysis. 


Only AMY and f39 demonstrated o-amylase activity, confirming the assignment of [39 
function as the catalytic domain. However, the Km value of f39 suggested lower affinity 
towards starch substrate. Interestingly, lower £39 Km value was not followed by the 
decrease of the kea value of the reaction, suggesting that the catalytic efficiency was not 
disturbed (5). These observations further supported the assignment of £39 as the catalytic 
domain as well as suggested the function of f10 in substrate binding. Furthermore, the 
half-life time (IC50) value of £39 upon incubation at 50°C was also lower than that of AMY 
(5). This finding suggested that the absence of £10 also resulted in lower stability of £39. In 
conclusion, these findings served as an evidence for the proposed function of f10 to house 
the substrate recognition site (63) and to maintain thermostability (64) of ao-amylase. This 
finding assigned AMY as a raw starch degrading but not-adsorbing enzyme. Ultimately, 
these results were confirmed by the independent group working on AMY homolog from 
S. fibuligera strain KZ (65). 
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Figure 9. Separation of the £39 and £10 using a Sephadex G50 SEC column (5). The open circle 
represents absorption profile of AMY (54 kDa) whilst the closed circle is £39 and £10. The arrow marks 
the peak of AMY. 


Further, AMY was pre-treated under various conditions that resulted in denatured and 
partially denatured enzymes prior to proteolysis. Similar experiments were also carried 
out using a chemically modified AMY (33). The results were employed to assess the 
domain organization and assignment of AMY as well as to predict the precise location of 
trypsin cleavage and the nature of the catalytic domain. These results are being reported 
elsewhere (33). 


7. Conclusion 


Amylolytic enzymes from S. fibuligera R64 (AMY and GLL1) were successfully separated 
and identified using chromatography as the key tool. The two enzymes have a different 
protein surface hydrophobicity profile and their fragmentation profiles provided 
undisputed proof for their separation. Their assignment was confirmed by the analysis of 
the products from enzymatic hydrolysis. Further, the domain organization and functioning 
of AMY has been explored, which led to the structural study of AMY in the absence of its 
structure. Thereby, this chapter demonstrates how the results from the chromatographic 
analysis of AMY and GLL1 are complementary to the structural study of the enzymes. 
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1. Introduction 


For successful fertilization, motility is the most obvious and most essential sperm function 
and has been repeatedly shown to be predictive of fertilization in vitro [1]. Several studies 
have shown that the motility characteristics of spermatozoa are of the utmost importance for 
the men’s fertility [2]. Spermatozoa dysfunction is the single most important cause of 
infertility. A decrease in spermatozoa motility with time is universal phenomenon. This 
reduction differs from species to species and also among individuals of the same species, as 
in the human male. Most investigators agree that the majority of spermatozoa cease to move 
within the first 24 hours. The survival of spermatozoa after ejaculation is dependent on the 
environmental conditions under which they are kept. In the female genital tract they may 
remain active for several days [3], but their activity is of much shorter duration if they 
remain in the seminal fluid outside the body. 


Male genital infections are relevant cause in the etiology of infertility due to abnormalities in 
sperm quality [4,5], affecting spermatozoal motility. The comparison of semen 
characteristics between infected and non-infected men show that motile spermatozoa are 
lower when the microorganisms are present in the semen [6]. It appears that bacteria have a 
direct effect on sperm motility with negative consequences in fertility. Among bacterial 
species that interact with spermatozoa are well-known causative pathogens of genitourinary 
infections such as Escherichia coli, Ureaplasma urealyticum, Mycoplasma hominis, Chlamydia 
trachomatis [7]. Of the various bacteria, E. coli is the most extensively studied microorganism 
in relation to infertility as a result of interaction with spermatozoa [8]. It is also the primary 
bacteria associated with prostatitis and epididymitis [9]. Several authors describe sperm 
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agglutination and immobilization by E. coli [10,11]. Paulson & Polakoski [12] investigated 
the mechanism of how E. coli immobilizes spermatozoa and they reported a factor, 
apparently excreted by the bacteria which immobilizes spermatozoa without agglutinating 
it. However, Diemer et al. [13] reported that E. coli inhibits sperm motility by directly 
adhering to and agglutinating spermatozoa. Rapidity and extent of sperm-E. coli 
agglutination indicated strong adhesive forces. Bartoov et al. [8] proposed that mannose 
plays a critical role in adherence of E. coli to sperm. Although, a number of studies have 
evaluated the ability of E. coli to affect sperm motility by adherence, agglutination and 
dialyzable factors, however, none have identified the exact mechanism of interaction 
between spermatozoa and bacteria. 


In addition to E. coli, Staphylococcus aureus, the predominant flora in infertile men, has also 
been reported to cause a significant decrease in sperm motility [14]. Emokpae et al. [15] 
while studying the contribution of seminal tract infection to sperm density, 
asthenozoospermia and teratozoospermia, observed S. aureus as the causative organism 
accounting for 68.2% of seminal infections. Most practitioners dismiss this infection as mere 
contamination, which is assumed to have no significance. Semen that passes through the 
genital tract is routinely contaminated with staphylococci. However, since the prevalence of 
abnormal sperm indexes is high, it was suggested that S. aureus infection should be treated 
and no longer ignored when managing male factor infertility [15]. S. aureus is known to 
produce various toxins and enzymes that may be exerting damaging effect on human 
sperm, but its mechanism of action also needs further investigation. Therefore, the present 
work was undertaken to study the mechanism of immobilization/agglutination of 
spermatozoa by S. aureus and E. coli. 


2. Microorganisms 


The bacterial isolates Staphylococcus aureus either showing immobilization or agglutination 
of human spermatozoa, were isolated from the cervices of women suffering from 
unexplained infertility, attending the Department of Obstetrics and Gynecology, 
Government Multi Speciality Hospital, Sector-16, Chandigarh, India. The isolates of 
Escherichia coli were isolated from semen samples of infertile males attending the infertility 
clinic at the Department of Urology, Post Graduate Institute of Medical Education and 
Research (PGIMER), Chandigarh. 


3. Extraction and purification of sperm agglutinating factor (SAF) from 
S. aureus 


Sperm agglutinating factor was extracted and purified from 72 h old cell culture of S. aureus by 
the method standardized in the laboratory [16]. The cell culture was centrifuged at 10,000 g for 20 
minutes and the clear supernatant and the cells obtained were washed twice with sterile 
phosphate buffered saline (PBS) (560 mM, pH 7.2) and resuspended in the same buffer. When 
washed cells and cell free supernatant were studied for their sperm agglutinating property, the 
results showed that only washed cells were able to agglutinate the spermatozoa whereas culture 
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supernatant failed to do so indicating that the agglutination of sperm might be associated with 
bacterial cells and not their metabolites. Pretreatment of S. aureus by sonication produced 
bacterial fragments that were unable to agglutinate sperm. Centrifugation of S. aureus fragments 
at 10,000 g for 5 min did not eliminate sperm agglutinating elements from the solution, indicating 
the sperm agglutinating factor to be present in sonicated supernatant. Based on its sperm 
agglutinating activity, the bioactive molecule from the sonicated supernatant was purified by 
ammonium sulphate precipitation, gel permeation chromatography and ion exchange 
chromatography. The sonicated supernatant was fractionated with ammonium sulphate so as to 
get 20, 40, 60 80 and 100% saturation. The flasks were kept at 4°C overnight and next day the 
precipitates were collected by centrifugation at 10,000 g for 15 min at 4°C and were redissolved in 
minimum amount of PBS. SAF was precipitated by ammonium sulphate at 40% saturation. The 
protein was dialyzed in preactivated dialysis bags against PBS under cold conditions and 
concentrated against polyethylene glycol (PEG) 6000 at 4°C. Further purification was done using 
Sephadex G-200 and DEAE cellulose column chromatography. The fractions containing 
approximately Img protein were applied on Sephadex G-200 (Pharmacia Fine Chemicals, 
Uppsala), column (2 cm X 31 cm) equilibrated and eluted with PBS. The aspirator bottle with PBS 
was joined with a fine capillary tube to maintain constant head pressure and allowed to run for 
24 h. Fractions of 3 ml each were collected and each fraction was read at 280 nm on U.V. 
spectrophotometer. The fractions showing spermagglutinating activity i.e. fraction (4-7) with a 
peak value in fraction 5 were pooled and concentrated against PEG 6000 (Figure 1a) and applied 
to DEAE cellulose (Hi Media Laboratories Ltd., Mumbai, India) column. A column of 2 cm x 15 
cm was made with activated slurry of DEAE cellulose, an anion exchanger with a pressure of 
about 1 cm water/cm of height of gel bed. The column was washed with PBS until the ion 
exchanger reached ionic equilibrium with the starting buffer. The aspirator bottle with PBS was 
joined with a fine capillary tube to maintain a constant head pressure and allowed to run. Final 
elution was done with PBS containing 0.05, 0.1, 0.2, 0.4 and 0.6 M NaCl. Fractions of 4 ml each 
were collected and read at 280 nm on U.V. spectrophotometer (Hitachi U-2900). All fractions 
were again checked for agglutination of spermatozoa. The fractions showing agglutination of 
sperm (35-39) were pooled and concentrated (Figure 1b). The purified pooled fractions were 
dialyzed, lyophilized and then subjected to protein estimation. The purification status of SAF 
was checked by gel electrophoresis (PAGE). Molecular weight estimation was done by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using a 12% resolving gel 
containing SDS [17]. 10u1 of the pooled and concentrated sample obtained from DEAE cellulose 
column was mixed with loading dye (Bromophenol blue: glycerol) in the ratio of 1:50. The 
sample was applied to the gel and subjected to a current of 15 mA and run initially at 50V and 
thereafter at 100V. The gel was visualized by staining with Coomassie Brilliant Blue R-250. The 
molecular weight of SAF was estimated to be approximately, 65 kDa (Figure 1c). 


4. Extraction and purification of sperm immobilization factor (SIF) from 
S. aureus 


For extraction of SIF, S. aureus was grown in Brain Heart Infusion (BHI) broth for 72 h at 
37°C under shaking conditions (150 rpm). The cell culture was subjected to centrifugation at 
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Figure 1. (a) Elution pattern of SAF from S. aureus after gel filtration through Sephadex G-200 column 
showing the presence of SAF in fractions 4-7 with a peak value in fraction 5. (b) Elution pattern of SAF 
obtained after DEAE cellulose column showing sperm agglutination activity in fractions 35-39 with 
peak value in fraction 37. (c) SDS-PAGE of purified SAF, with Lane1 containing DEAE cellulose 
purified and concentrated fraction. Molecular weight approximately, 65 kDa and Lane2 containing 


Standard protein markers. 


Isolation and Purification of Sperm Immobilizing/Agglutinating Factors 
from Bacteria and Their Corresponding Receptors from Human Spermatozoa 


10,000 g for 30 min at 4°C. Both the resultant cell pellet and culture supernatant were 
checked for sperm immobilization activity. As the activity resided with cell supernatant it 
was subjected to ammonium sulphate precipitation so as to get 20, 40, 60, 80 and 100% 
saturation. SIF could be precipitated at 60-80% saturation. These precipitated proteins 
containing the bioactive molecule were dialyzed extensively against PBS and applied to 
Sephadex G-100 column (2 cm x 31 cm) equilibrated and eluted with PBS. The head pressure 
maintained to achieve a flow rate of 10 ml/h. Fractions of 3 ml each were collected, and the 
absorbance of each fraction was read at 280 nm. Fractions (12-18) showing the 
immobilization activity were pooled and concentrated against PEG 6000 at 4°C (Figure 2a). 
These fractions were then applied onto DEAE cellulose column. The column was 
equilibrated with PBS and head pressure was maintained to achieve a flow rate of 60 ml/h. 
Final elution was done with 0.05, 0.1, 0.2, 0.4 and 0.6 M NaCl dissolved in PBS. Fractions of 4 
ml each were collected, and the absorbance was read at 280 nm. The fractions (47-52) that 
caused immobilization of spermatozoa were pooled and concentrated (Figure 2b). The 
fractions concentrated after DEAE cellulose chromatography were dialyzed, lyophilized, 
and subjected to PAGE analysis. The presence of a single band suggested apparent 
homogeneity of the protein. This purified fraction was then analyzed by SDS-PAGE against 
standard molecular weight markers (Figure 2c). The molecular weight of SIF was estimated 
to be ~20 kDa [18]. 
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Figure 2. (a) Elution pattern of SIF from S. aureus after gel filtration through Sephadex G-100 column 
showing the presence of SIF in fractions 12-18 with a peak value in fraction 15. (b) Elution pattern of SIF 
from S. aureus obtained after DEAE cellulose column showing sperm immobilization activity in 
fractions 47-52 with peak value in fraction 49. (c) SDS-PAGE of purified SIF, with Lanel containing 
DEAE cellulose purified and concentrated fraction. Molecular weight approximately, 20 kDa and Lane 
2 containing standard protein markers. 
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5. Extraction and purification of SAF from E. coli 


48 h old culture of E. coli grown in Luria broth was centrifuged at 10,000 g for 10 min at 
4°C. Cell free supernatant was prepared by passing the supernatant through a 0.22 um 
Millipore filter. The cell pellet was washed twice with sterile PBS. Both the cell free 
supernatant and the washed cells were checked for spermagglutinating activity by 
incubating with semen samples. As the washed cells showed spermagglutinating activity, 
therefore further studies were carried out with washed cells. Extraction of sperm ligand 
from washed cells was done by salt treatment. The washed cells of E. coli (1000 ml, 48 h old 
cell culture) were incubated with 1, 2, 3, 4and 5 M solution of NaCl under shake conditions 
(150 rpm) at 37°C for different time intervals 2, 4, 8, 12 and 24 h, separately. The cells were 
centrifuged at 10,000 g for 30 min. The resulting cell pellet and supernatant (which was 
dialyzed against double distilled water overnight at 4°C and passed through the UM05 
Amicon filter) were analyzed for sperm agglutinating activity. As pellet did not show 
sperm agglutinating activity, further work was carried out with the supernatant. SAF could 
be efficiently extracted by treatment of cell pellet with 3 M NaCl for 12 h under shaking 
conditions (150 rpm) at 37°C. Purification of crude sperm ligand consisted of filtration of 
dialyzed and concentrated fraction through a Sephadex G-200 column, equilibrated and 
eluted with PBS. Fractions of 3 ml each were collected and read at 280 nm on U.V. 
spectrophotometer. Fractions showing sperm agglutinating activity i.e. 6-9, with a peak in 
fraction 7 (Figure 3a) were pooled and concentrated using polyethylene glycol (PEG) 6000 
at 4°C. These fractions were applied to DEAE cellulose column. Final elution was done 
with 0.05, 0.1, 0.2, 0.4 and 0.6 M NaCl dissolved in PBS. Fractions of 4 ml each were 
collected and read at 280 nm on U.V. spectrophotometer. Most of the SAF could be eluted 
with PBS containing 0.4 M NaCl (fractions 46-49, Figure 3b). Fractions showing 
agglutinating activity were further pooled, dialyzed and concentrated. The protein content 
at each step was assayed by the method of Lowry et al. [19] against a standard curve 
calibrated with bovine serum albumin. PAGE of purified sperm ligand was carried out to 
check the purification status. Molecular weight estimation by SDS-PAGE, using the 
standard molecular weight markers showed the presence of ~71 kDa protein band (Figure 
3c) [20]. 


6. Extraction and purification of SIF from E. coli 


The isolate of E. coli showing immobilization of spermatozoa was grown in BHI broth under 
shaking conditions (150 rpm) at 37°C for 72 h. The culture was centrifuged at 10,000 g for 15 
min at 4°C and cell-free supernatant was prepared by passing the supernatant through a 
0.22 um Millipore filter. The supernatant was then subjected to ammonium sulphate 
precipitation so as to get 20, 40, 60, 80, and 100% saturation. The precipitates so obtained 
were dissolved in a minimum amount of PBS. The precipitated protein was dialyzed against 
PBS under cold conditions and checked for sperm immobilization. SIF could be saturated at 
60-80% of ammonium sulphate. Further purification of the factor was done by gel filtration 
through a Sephadex G-100 column (2 cm x 31 cm) equilibrated, and eluted with PBS. 
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Figure 3. (a) Elution pattern of SAF obtained after Sephadex G-200 gel filtration of dialyzed and filtered 
supernatant containing sperm ligand on E. coli, showing the presence of ligand in fractions 6-9 with 
peak value in fraction 7 (arrow refers to sperm ligand on E. coli). (b) DEAE cellulose chromatography of 
G-200 pooled and PEG concentrated fractions revealed the presence of three peaks but the agglutinating 
activity was present only in the fractions 46-49 with peak value in fraction 48 (arrow refers to sperm 
ligand on E. coli). (c) SDS-PAGE of purified sperm ligand, with Lane containing Standard protein 
marker and Lane2 containing DEAE cellulose purified and concentrated fraction. Molecular weight 
approximately, 71 kDa. 


Fractions of 3 ml each were collected and each fraction was read at 280 nm on U.V. 
spectrophotometer. Fractions 8-14, showing the immobilization of spermatozoa were 
pooled and concentrated using PEG 6000 under cold conditions (Figure 4a). These 
fractions were applied on to a DEAE cellulose column. First of all, 80 ml of elution buffer, 
PBS (50 mM pH 7.2) was allowed to run down the column. Final elution was done with 
0.05, 0.1, 0.2, 0.4, and 0.6 M NaCl dissolved in PBS (50 mM, pH 7.2). Fractions of 4 ml each 
were collected and read at 280 nm on U.V. spectrophotometer. The fractions showing 
immobilization of spermatozoa i.e. 3-7 were again pooled and concentrated (Figure 4b). 
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To verify the purification status of all the preparations, PAGE was carried out (10% 
resolving and 5% stacking gel). Estimation of molecular weight by SDS-PAGE, showed 
that SIF had a molecular weight of ~56 kDa (Figure 4c), compared to standard protein 
markers [21]. 
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Figure 4. (a) Elution pattern of SIF from E. coli on Sephadex G-100 column. (b) Elution pattern of SIF 
from E. colion DEAE cellulose column. (c) SDS-PAGE of purified SIF, with Lane1 containing Standard 
protein marker and Lane2 containing DEAE cellulose purified and concentrated fraction. Molecular 


weight approximately, 56 kDa. 
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7. Isolation and purification of receptor from human spermatozoa for 
SAF isolated from S. aureus 


Spermatozoa were washed twice with PBS and resuspended in the same buffer. Washed 
spermatozoa were treated with 1, 2, 3 and 4 M NaCl for different intervals to optimize the 
best concentration and time combination for receptor extraction. The treated mixture was 
centrifuged at 10,000 g for 20 min. The pellet and supernatant were examined for blockage 
of agglutination activity. Receptor was efficiently extracted by 3 M NaCl when incubated for 
12 h at 37°C while shaking at 150 rpm. Crude receptor was further dialyzed extensively 
against PBS under cold conditions and then concentrated using PEG 6000. Receptor was 
purified by filtration through a 2 x 31 cm Sephadex G-200 column, equilibrated and eluted 
with PBS. Head pressure was maintained to achieve a flow rate of 10 ml/h. Fractions (3 ml) 
were collected and each was read at 280 nm using a U.V. spectrophotometer. Fractions were 
analyzed for the presence of receptor by blocking the agglutination of spermatozoa by SAF. 
Fractions (12-17) representing receptor were pooled, concentrated against PEG 6000 at 4°C 
(Figure 5a). One-dimensional SDS-PAGE was done using a vertical slab gel apparatus with 
stacking gel containing 5% polyacrylamide and resolving gel containing 12% 
polyacrylamide. The protein sample was diluted 1:1 with reducing sample buffer and 
heated for 5 min at 100°C. The sample was loaded and subjected to electrophoresis at 50 V 
for 15 min, followed by 150 V for 45 min. The gel was stained with Coomassie Brilliant Blue 
R-250 and calibrated using molecular weight markers. The molecular weight of the receptor 
was estimated to be approximately, 57kDa (Figure 5b) [22]. 
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Figure 5. (a) Elution pattern of receptor from human sperm on Sephadex G-200 column. (b) SDS-PAGE 
(molecular weight determination) Lane 1: Standard proteins markers, Lane 2: Purified receptor protein. 
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8. Isolation and purification of receptor for SIF isolated from S. aureus 


Salt extraction of the receptor from human spermatozoa was done by treating the washed 
sperm sample with 1, 2, and 3 M NaCl for different time intervals i.e. 2, 4, 8, 12, 24 and 48 
h. Purification of the receptor was further done by gel filtration through a Sephadex G-100 
column (2 cm x 31 cm) equilibrated and eluted with PBS (50 mM, pH 7.2). Fractions of 3 
ml each were collected and absorbance read at 280 nm to determine the SIF receptor 
concentration. Fractions showing the blockage of immobilization of spermatozoa (2-5, 
with a peak in fraction 3) were pooled and concentrated using PEG 6000 under cold 
conditions (Figure 6a). To check the purification status and biological activity of pooled 
and concentrated fractions, PAGE was carried out. Molecular weight of the purified 
receptor as estimated using SDS-PAGE was found to be approximately, 62kDa (Figure 6b) 
[23]. 
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Figure 6. (a) Elution pattern of receptor from human sperm on Sephadex G-100 column. (b) SDS-PAGE 
(molecular weight determination) Lane 1: Standard proteins markers, Lane 2: Purified receptor protein 


9. Isolation and purification of receptor for SAF isolated from E. coli 


The corresponding receptor for SAF was isolated from human spermatozoa using the ligand 
as a tool. The procedure involved the use of salt solution for the extraction of molecules 
bound to the cell surface. The spermatozoa were washed twice with PBS and then 
resuspended in same buffer. They were then treated with different concentrations of NaCl 
ie. 1, 2, 3 and 4 M for different time intervals and incubated at 37°C under shaking 
conditions (150 rpm). The salt treated sample was centrifuged at 1500 g for 15 min. Cell 
debris was suspended in minimum amount of PBS. Both cell debris and supernatant were 
dialyzed against PBS at 4°C overnight, concentrated against PEG 6000 and checked for 
blocking of agglutination induced by SAF. Results showed that receptor for SAF from E. coli 
could be efficiently extracted by 2 M NaCl when incubated for 18 h. Purification of the 
receptor was further carried out by filtration through a Sephadex G-200 column (1.5 cm X 31 
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cm) equilibrated and eluted with PBS. The head pressure was maintained to achieve a flow 
rate of 35 ml/h. Fractions of 3 ml each were collected and each fraction was read at 280 nm. 
Fractions showing blockage of agglutination activity were pooled and concentrated with 
PEG 6000 at 4°C (Figure 7a). The homogeneity of the preparations was checked by PAGE 
and the molecular weight of the purified receptor was estimated by SDS-PAGE. The 
molecular weight of the receptor for SAF from E. coli was approximately, 125 kDa (Figure 
7b) [24]. 
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Figure 7. (a) Elution pattern of receptor from human sperm on Sephadex G-200 column. (b) SDS-PAGE 
(molecular weight determination) Lane 1: Standard proteins markers, Lane 2: Purified receptor protein 


10. Isolation and purification of receptor for SIF isolated from E. coli 


The spermatozoa were washed twice with PBS (50 mM, pH 7.2) and then resuspended in same 
buffer. The washed spermatozoa were treated with different concentrations of NaCl i.e.1, 2, 3 
and 4 M for different time intervals in order to optimize the best concentration and time 
combination for receptor isolation. These were incubated at 37°C under shaking conditions 
(150 rpm). The salt treated sample was centrifuged at 1500 g for 15 min. Cell debris was 
suspended in minimum amount of PBS. Both the cell debris and supernatant after dialysis and 
concentration (against PEG 6000) were checked for blocking of immobilization induced by SIF. 
Preliminary results showed that SIF receptor could be efficiently extracted by 2 M NaCl from 
spermatozoa when incubated for 20 h at 37°C under shaking conditions. 


Purification of the receptor was further done by filtration through a Sephadex G-200 column 
(1.5 cm X 31 cm) equilibrated and eluted with PBS. The head pressure was maintained to 
achieve a flow rate of 35 ml/h. Fractions of 3 ml each were collected and each fraction was 
read at 280 nm (U.V. spectrophotometer). The column chromatographic pattern showed that 
the receptor could be eluted in the fractions 3-4 which could block the SIF induced sperm 
immobilization (Figure 8a). These fractions were pooled and concentrated with 
polyethylene glycol (PEG 6000) at 4°C and were applied to ion exchange column. First of all, 
80 ml of elution buffer (PBS) was allowed to run down the column. Final elution was done 
with 0.05, 0.1, 0.2, 0.4 and 0.6 M NaCl dissolved in PBS. Fractions of 4 ml each were collected 
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and read at 280 nm on U.V. spectrophotometer. The fractions showing blockage of sperm 
immobilization i.e. 2-4 were pooled and concentrated (Figure 8b). Molecular weight of the 
purified SIF receptor was estimated by SDS-PAGE. The purified SIF receptor was first 
denatured and then loaded onto the gel along with the standard protein markers. After the 
gel was run, silver staining was done and molecular weight was estimated to be ~113 kDa 


(Figure 8c) [25]. 
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Figure 8. (a) Elution pattern of receptor from human sperm on Sephadex G-200 column. (b) Elution 
pattern of receptor from human sperm on DEAE cellulose column. (c) SDS-PAGE (molecular weight 
determination) Lane 1: Standard proteins markers, Lane 2: Purified receptor protein 
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11. Conclusion 


This study identifies receptor-ligand interaction between bacteria and spermatozoa that 
results in sperm immobilization/agglutination. 


12. Further research 


Understanding bacteria-spermatozoa interactions at receptor-ligand level may hold 
potential for infertility treatment. 


13. Abbreviations 

~ : approximately 

% : percentage 

°C : degree celcius 

BHI : brain heart infusion 
DEAE : Diethylaminoethyl 

h : hour 

ie. : id est (that is) 

kDa : kilodalton 

bg : microgram 

yl : microlitre 

um. : micrometre 

mA : milliampere 

min : minutes 

ml : millilitre 

M : molar 

mM ; millimolar 

mm : millimetre 

cm : centimetre 

nm : nanometre 

mg : milligram 

NaCl _: sodium chloride 

O.D. : optical density 

PAGE : polyacrylamide gel electrophoresis 
PBS : phosphate buffered saline 
PEG : polyethylene glycol 

rpm : revolutions per minute 

s : seconds 

SDS : sodium dodecyl sulphate 
SAF : sperm agglutinating factor 
SIF : sperm immobilization factor 
UV. : ultraviolet 


Vv : volts 
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1. Introduction 


The use of microorganisms and their products as possible therapeutic agents in the 
control of cancer begins at the latter part of the nineteenth century. The search of new 
drugs from microbial sources against infectious disease has been augmented when 
Alexander Fleming (1928) discovered penicillin [1]. The secondary metabolites from 
microorganisms play a vital role in developing antibiotics and chemotherapeutics [2, 3]. 
Several researchers have reported various anticancer molecules from different microbial 
sources [4]. Even though chemotherapy is efficient in enhancing patient survival with 
primary tumors continue to have deprived prognosis. The rapid advances in the field of 
antibiotics have inspired new hope that the search among biological systems will disclose 
a chemical agent which will exert a destructive effect upon neoplastic growth without 
seriously affecting normal cells. Using live or attenuated pathogenic bacteria or its 
metabolites in treatment of cancer excretes toxic effects among patients. Azurin, a redox 
protein recently fascinated biomedical researcher’s immense interest as an anti cancer 
therapeutic agent which enters human breast cancer cells and induces apoptosis without 
any adverse effects in cancer patients [5]. Azurin, a secondary metabolite derived from 
bacterial species especially from P. aeruginosa function as a donor in terminal electron 
transfer process [6]. Azurin also termed as blue small copper proteins highly stable in 
nature. The presence of copper ion in the polypeptide chain contributes to the azurin 
stability [6-8]. Azurin reported as a potential anticancer protein against breast cancer cell 
lines, evoked the researchers of novel methods for enhanced synthesis of azurin has 
initialized. P. aeruginosa a common gram negative opportunistic pathogenic bacterium 
found naturally [9]. They are considered as facultative anaerobic grow in partial or total 
oxygen depletion cultural conditions. This organism can achieve anaerobic growth 
with nitrate as a terminal electron acceptor. P. aeruginosa secretes a variety of pigments, 
including pyocyanin, pyoverdine and pyorubin. 
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Previous researchers [10] adopted genetic engineering techniques and other bacterial species 
for purification of azurin. This study is concerned of enhanced azurin synthesis from different 
strains of P. aeruginosa with lucid homogeneity by customized methods. The growth of 
different P. aeruginosa MTCC strains 1934, 741, 2453, and 1942 for the synthesis of azurin were 
scrutinized for enhanced azurin synthesis. The enhanced azurin synthesis from P. aeruginosa 
strains was improved by the CuSOs and KNOs containing media under facultative anaerobic 
condition. The purification of azurin had been performed by ion-exchange and gel-filtration 
chromatography. High yield was reported in P. aeruginosa 2453 strain than other strains. 


2. Materials and methods 
2.1. Chemicals and reagents 


Growth medium constituents were of analytical grade obtained from Hi-Media laboratories, 
India. The buffer ingredients were purchased from Merck Chemicals Ltd, India. Sephadex 
G-25, G-75, diethyl amino ethyl cellulose (DEAE) cellulose and carboxy methyl (CM) 
cellulose were all obtained from Sigma-Aldrich, USA. The 3, 5-dimethoxy, 4-hydroxy 
cinnamic acid otherwise called as _ sinnapinic acid a matrix-assisted laser 
desorption/ionization-time of flight (MALDI-ToF) was also acquired from Sigma-Aldrich. 
Protein concentrations were measured by Lowry’s method with bovine serum albumin as 
standard. Standard dialysis bag with 3 kDa cutoff was purchased from Sigma-Aldrich. 
Powder of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT), propidium iodide 
(PI) and dimethylsulfoxide (DMSO) solution were procured from Sigma Aldrich, India. Cell 
culture media and other constituents of media are purchased from Hi-media Laboratories 
Ltd, India. Fetal bovine serum was obtained from Invitrogen Life Technologies, USA. 


2.2. Cultivation of P. aeruginosa MTCC 2453 


A freeze dried culture of P. aeruginosa strains MTCC2453,741,1934,1942 was obtained from 
the Microbial type culture collection center, Chandigarh, India and was grown in a medium 
containing 7g yeast extract, 10g peptone, 20g of KNO3, 6.4g of KH2POs, 3.6g of Naz2HPO. 
(anhydrous), 2.5g of NaCl, 5ug/ml of CuSO4 per liter. The initial pH was adjusted to 6.5 
with NaOH. The strains were maintained on nutrient broth with 50% glycerol concentration 
and stored at -70°C for further study. 


Inoculums’ of P. aeruginosa strains was prepared by inoculating a loopful of colonies in 
individual 100 ml conical flasks with the exact constituents of the above prescribed media and 
incubated at 37°C, in stirring mode at 100/rev for 21 hours. These inoculums was used to seed 
the bulk 500ml x 4 sterile medium in 2000 liter conical flasks (separate conical flask used for all 
four strains) which was also kept at stirred mode (100/rev) for 21 hours at 37°C [11]. 


2.3. Impact of copper sulphate and potassium nitrate on culture medium 


All P. aeruginosa strains MTCC2453, 741, 1934, and 1942 are inoculated separately in a sterile 
medium. Impact of copper sulphate and potassium nitrate in azurin synthesis were 
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observed by adding different concentration of copper sulphate (1ug/ml- 5ug/ml) and 
potassium nitrate (5ug/l — 20pg/l) at different flasks for each concentration distinctly. The 
azurin protein optimization and quantification was studied in UV spectrometer (Perkin 
Elmer, Massachusetts, USA) at 595 nm by Bradford’s method. The azurin synthesized from P. 
aeruginosa MTCC2453 is significantly higher than other strains [11, 12]. 


2.4. Extraction of cellular protein 


After 21 hrs incubation, cells were harvested by centrifugation method at 13200 g for 15-20 
minutes by using ultra centrifuge (Eppendorf, Hamburg, Germany). Cell pellets was 
collected and suspended in the appropriate volume of 0.02M potassium phosphate buffer 
pH 7 with protease inhibitor and kept in the ice basket for sonication. Cells were sheared by 
Ultra sonicator (Cole Parmer, USA) of approximately 100 ml batches of cell suspension. All 
batches were sonicated for 1-2 minutes at 100W. After sonication the samples was stirred 
vigorously and centrifuged at 10000g for 20 minutes which removes cell wall debris. The 
green-brown crude supernatant was stored. Resuspended the precipitate in same buffer, 
stirred it vigorously and centrifuged as before and the supernatant were stored with the 
previous extracts [11, 12]. 


2.5. Ammonium sulfate precipitation of proteins 


The Crude (supernatant) was saturated to 45% (277¢/l) by slowly adding ammonium sulfate 
salt at 4°C for precipitation, kept it for overnight [5,6]. After precipitation the solution was 
centrifuged at 20,000g for 25 minutes [6,]. Collected the yellow supernatant saturated again 
to 95% by adding (NH4)2SO4 (372¢/l) slowly and kept at 4°C for overnight. The overnight 
precipitated solution was centrifuged at 23000g for 45 minutes. Pale supernatant was 
discarded. Precipitate (contains azurin) were collected and resuspended in 0.02M Potassium 
Phosphate buffer pH 7[11, 12]. 


2.6. Dialysis of the supernatant 


Azurin suspended in 0.02M potassium phosphate buffer pH 7 was dialysed by standard 
dialyses bag purchased from Sigma-Aldrich, (Kolkata, India) having 3 kDa molecular 
weight cut off at 4°C for 20 hours on the same buffer for overnight with continuous gentle 
stirring. Dialysis was done until the solution attains its buffer pH. The solutions were kept at 
4°C after dialysis for further purification [11, 12]. 


2.6.1. Purification of Azurin on Ion — Exchange chromatography 
2.6.1.1. DEAE cellulose treatment 


Dialysate (contains azurin) were initially treated with DEAE. 100 ml slurry of DEAE 
cellulose equilibrated in 0.02M potassium phosphate buffer pH 7 were treated with the 
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dialysate and stirred for 20-30 min at 4°C.The suspension was centrifuged at 10,000g for 15 
min. Azurin does not adsorb in the gel remains in supernatant but most of the unwanted 
proteins like yellow flavo proteins are removed. Supernatant was collected. DEAE cellulose 
precipitate was resuspended in the same buffer and again centrifuged at 10,000g for 15 
minutes to remove all unattached proteins [11-13]. 


The supernatant after DEAE treatment was saturated to 100% (766¢/l) with (NH4)2SO4 at 
4°C for overnight for precipitation. After saturation, precipitates are mixed gently and kept 
for centrifugation at 10000g for 10 min. supernatant was collected for dialysis at 4°C for 
overnight with gentle stirring with the same before. Dialysis was continued till the solution 
pH attains its buffer pH [11-13]. 


2.6.2. Purification of Azurin on gel-filtration chromatography 
2.6.2.1. Chromatography on Sephadex G-25 


Sephadex G-25 beads were equilibrated in the 0.02M potassium phosphate buffer pH 7 [Parr S 
R et al 1976] for overnight, and tightly packed in 3cm x 25cm length glass column without any 
bubbles. The column was initially washed with 0.02M potassium phosphate buffer for twenty 
volumes of the gel packed. The Flow rate was adjusted to one minute per ml. slowly the 
dialysate (after DEAE treatment) was added with the eluent buffer 0.02M potassium 
phosphate buffer pH 7 on the column. Thirty fractions were collected at one minute interval 
[12-14]. 


2.6.2.2. Chromatography on Sephadex G-75 


Sephadex G-75 beads in powder form are equilibrated in 0.01M Tris/Hcl buffer pH 7.5 for 
overnight. After equilibration the beads were tightly packed in a 3cm x 45cm glass column. 
The column was washed with same equilibrating buffer for fifty volumes of the column 
value. After washing with buffer one ml of the sample (fraction (a) collected from the G-25) 
were passaged and eluted with the same equilibrating buffer. Seventy five fractions were 
collected at 1 ml/6minutes flow rate [12-14]. 


2.6.3. Purification of Azurin on ion — 
Exchange (anionic) chromatography 


2.6.3.1. Chromatography on CM cellulose 


The CM cellulose beads from Sigma-Aldrich (Kolkata, India) were equilibrated for 
overnight in the ammonium acetate buffer pH 3.9 adjusting the pH by 0.05M acetic acid 
with 2M NHs.After swelling, the beads were packed in a 5cm x 15cm glass column and 
washed for ten times of the column volume. Gently one ml of the sample added (Fraction (e) 
collected from G-75) over the top of the column and left it for 5-10 minutes to bind the 
protein inside the beads. After 10 minutes the column was eluted with ammonium acetate 
buffer pH 4.65 [12-14]. 
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2.6.4. Characterization of Azurin (purified from P. aeruginosa MTCC2453) 


2.6.4.1. Molecular weight determination by matrix-assisted laser desorption/ionization time of flight 
(MALDI-ToF) 


The most successful method to analyze biopolymers such as, proteins, peptides, sugars and 
large organic molecules which are tend to be fragile and fragment when ionized by more 
conventional ionization methods [15]. The Fractions collected from G-25, G-75 and CM 
cellulose were performed MALDI for molecular weight determination. Two micro liter from 
each fraction of the chromatography was added with 20ul of 3, 5-Dimethoxy, 4-Hydroxy 
cinnamic acid otherwise called as sinnapinic acid (Sigma-Aldrich. Kolkata, India). Tiny 
spots were made on silver plate and kept for drying for 4-6 hours to drain the water 
molecules. Further spots were dried with a vacuum drier to make a crystalline molecule. 
After drying the samples were placed in the MALDI-ToF chamber (Voyager De pro, applied 
systems Illinois, USA) for analysis by using nitrogen laser at 337 nm. 


2.6.5. Purification profile of Azurin ((synthesized from P. aeruginosa MTCC2453) by 
SDS-PAGE 


Five ml of 12% resolving gel contains Iml distilled water, 30% acryl amide, 1.5M Tris (pH 
8.8), 10% SDS, 10% APS and 0.002u1 TEMED for polymerization was casted in the glass slab 
without any bubbles and kept it for 10-15 minutes. After polymerization of the resolving gel, 
3ml of stacking gel (4%) were loaded over the resolving gel which contains 0.68 ml distilled 
water, 30% acryl amide, 1M Tris (pH 6.8) 10% SDS,10% APS, and 0.001ml1 TEMED. After 
casting the gel, proteins purified from different chromatography were loaded with 
bromophenol (molecular weight marker dye) at different lanes for profiling the protein 
purification process. 


Glass slab gel were kept in the electrophoresis tank with tank buffer (196 mM glycine, 
0.1%SDS, 50mM Tris-Hcl pH 8.3 made by diluting a 10x stock solution). This setup was 
connected with power pack initially in 80mV to 100 mV. After running the gel up to its 
anode end, was removed and stained with 0.2% coomassie brilliant blue for overnight. 
Destained with destaining solution (45: 45: 10 — methanol: water: acetic acid) which destains 
the comassie blue until it reveals the bands. The bands (figure 4) were observed under UV 
transilluminator (Biorad, PA, USA) [16]. 


2.6.6. FTIR analysis 


Infrared spectroscopy experiments were performed using a Nexus 870 (Thermo Nicolet 
Corporation, Madison, USA) spectrometer equipped with a potassium bromide (KBr) beam 
splitter and DTGS (deuterated triglycine sulfate) detector in the range of 3,000-4000 cm™!. We 
recorded 32 scans per spectrum at a 2 cm" resolution for 100 yl of azurin liquid samples in 
0.02 M PBS buffer (pH 7.0). We kept the same buffer as a background medium and 
performed all measurements at room temperature. We corrected spectra for the moisture 
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and carbon dioxide in the optical path. The curves were deconvoulted and imported into 
Omnic’s peak fit software (Thermo scientific, Illinois, USA) and a Gaussian curve fitting 
performed [17]. 


3. Results 
3.1. Growth of P. aeruginosa strains 


The inoculated growth of P. aeruginosa MTCC strains 2453, 741, 1934 and 1942 under 
facultative anaerobic conditions, yields total dry cell protein in the range of 150- 170 g/l 
medium (Fig. 2.1a). We observed P. aeruginosa 2453 produces lesser amount of cellular 
proteins than other strains. The quality assay was performed after incubation for 
contamination of any other unwanted organisms. A unique green colour colony in nutrient 
agar medium was observed and hence we confirmed it as P. aeruginosa colonies (Fig 1.). 


3.2. Effect of copper sulphate and Nitrate in azurin synthesis 


Earlier studies showed that azurin production by different bacterial strains were similar to 
the azurin produced by P. aeruginosa MTCC 2453 but with more yield than previous 
procedures. Four strains were tested for high yield of azurin productions were P. aeruginosa 
2453, 741, 1942, and 1934. We observed a significant increase in the yield of azurin secreted 
by P. aeruginosa 2453 than genetically engineered strains and other strains. This remarkable 
increase in the yield of azurin was obtained by addition of CuSOs and KNOs in the medium 
with specific facultative anaerobic cultural conditions. In contrast to earlier studies, adding 
both CuSOs (4-5 ug/ml) and KNOs (0.02 ug/ml) in the medium under facultative anaerobic 
conditions generate high amount of azurin (Figure 2.), rather adding either CuSO or KNOs 
(Table 1.). 


Figure 1. (a) Bacterial culture medium incorporated with CuSOs and KNOs(b) Green colour colonies a 
unique characteristic of P. aeruginosa colonies 
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Figure 2. Quantification of azurin synthesis by different strains of P. aeruginosa MTCC 741, 1934, 1942 
and 2453 and impact of CuSOs and KNOs: 1-5 ug/ml range of CuSOs concentration with 0.004-0.02 
ug/ml of KNOs was added in the culture medium to study the impact of azurin synthesis. 


Pustfieation ate P. aeruginosa | P. aeruginosa | P. aeruginosa | P. aeruginosa 

is P MTCC 1934 | MTCC 741 | MTCC 2453 | MTCC 1942 
Total dry cell yield in g/l medium 1650 1780 156 0 1590 
Protein concentration after 45/95 % 

1520/1410 1460/1550 1105/1250 1205/1300 
(NH4)2S04 precipitation (g/l) ! f / 
Protein ae after DEAE 560 610 460 490 
treatment in g/l medium 
Protein concentration after G-25 440 485 315 384 
treatment g/l. 
Protein concentration after G-75 320 350 295 302 
treatment g/l. 
Total Azurin synthesis in mg/g 
2.9 24 3.95 2.6 

dry bacteria. (CM cellulose) 


Table 1. Azurin yield from different strains (P. aeruginosa MTCC 741, 1934, 1942 and 2453) in addition 
of 5 ug/ ml CuSOsand 0.02 ug/ml KNOs in the culture medium 


3.3. Chromatography methods for azurin Purification 


DEAE and G-25 are gel filtration columns which remove positively and negatively charged 
proteins respectively. The unwanted flavo proteins and positively charged proteins were 
removed during DEAE chromatography. The collected fractions from G-25 were quantified 
for protein concentration in the UV-Spectrophotometer at 280nm wavelength. Azurin and 
other proteins more than 5 kDa were eluted immediately after void volume is plotted as 
graph (Figure 3.). 
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Peak (a) from G-25 was loaded on G-75 for further purification. The G-75 fractions were 
quantified for protein concentration in the UV-Spectrophotometer at 280nm wavelength. 
Azurin a 14 kDa protein will elute after binding in to the beads when the elution buffer 
elutes it. Thus, azurin and some other proteins will elute very lately, was confirmed from 
the OD values of the spectrometer, when plotted as graph (Figure 4). The azurin will form a 
thick band when passages through CM cellulose column which was eluted by ammonium 
acetate buffer pH 4.65. Ten fractions were collected and absorbed under UV spectrometer at 
280nm wavelengths for azurin concentration (Figure 5.). 
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Figure 3. Elution on sephadex G-25: The active fraction from DEAE was loaded on G-25 column. Upon 
thirty fractions only peak (a) collected for further purification. 
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Figure 4. Elution on sephadex G-75: Fraction (a) collected from the G-25 was loaded with eluent buffer 


(PBS) to elute bounded proteins. Seventy five fractions were collected at 1 ml/6minutes flow rate. Peak 
(e) collected for further purification. 
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Figure 5. Azurin purified from various strains of Pseudomonas aeruginosa: a Azurin forms thick bands in 
CM cellulose column chromatography during their purification process. Later this was eluted by 
ammonium acetate buffer pH 4.65. All Pseudomonas aeruginosa strains, particularly Pseudomonas 
aeruginosa 2453 strain shows more significant amount of azurin production. b the mean of the azurin 
production by various Pseudomonas.aeruginosa strains: The production of azurin was enhanced by the 
copper sulphate (5ug/ml) and KNOs (0.02 ug/ml) containing media under facultative anaerobic 
condition. The bar graph shows Pseudomonas aeruginosa 2453 secrets more azurin than any other strains 
like Pseudomonas aeruginosa 741, 1942, 1934 strains tested. 


3.4. Characterization of Azurin (Purified from P. aeruginosa MTCC2453) 


In this study we profiled our purification process at every step by MALDI-ToF (Figure 6.) 
and SDS-PAGE (Figure 7.) and to confirm the azurin presence in our experiments. Cellular 
proteins loaded in lane 2 of SDS-PAGE reveals whole cell proteins of P. aeruginosa MTCC 
2453. Fraction (a) collected from G-25 gel filtrations were loaded in lane 3; it shows proteins 
above 5 kDa in SDS-PAGE which was also confirmed in MALDI-ToF results. Most 
unwanted proteins were deduced during G-75 gel filtration. Our SDS and MALDI results 
shows fraction (e) from G-75 contains azurin (14 kDa). The azurin was again purified and 
concentrated in CM cellulose. 
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Figure 6. (a) Protein purification was assayed at each step of chromatography. Peak (a) from G-25 was 
analyzed in MALDI-ToF using Nitrogen laser at 337 nm, confirming the 14 kDa molecular weight of 


azurin. 
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(b) Protein purification was assayed at each step of chromatography. Peak (a) from G-25 was analyzed 


in MALDI-ToF using Nitrogen laser at 337 nm, confirming the 14 kDa molecular weight of azurin. 
(c) Peak (e) from G-75 was analyzed in MALDI-ToF 
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Figure 7. Protein purification profile further was confirmed by SDS-PAGE analysis: Lane 1: Molecular 


weight markers 6.5-240 kDa (Bangalore Gene, India), Lane 2: Total cellular proteins, Lane 3: G-25 
Fraction [peak (a)], Lane 4: G-75 fraction [peak (e)], Lane 5: CM cellulose purified azurin. 
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3.5. FTIR analysis 


The functional groups of azurin were studied using FTIR spectrum. The presence of the 
amide I band was indicated by the peak around 1650 cm" region, which arises primarily 
because of the stretching vibration of the main chain of carbonyl groups in the protein 
backbone coupled with the in-plane N-H bending and C-N stretching modes. Furthermore, 
the presence of an amide band around 1650 cm" signifies a-helix secondary structure of 
azurin. Azurin synthesized from all strains showed a significant shift in the amide I band 
with one another, indicating differences in their helix secondary structure of azurin. The 
most prominent among all strains is P. aeruginosa 2453 which showed peak around 1646.936 
whereas, others showed peak around 1642.269, 1639.446, 1637.873 for P. aeruginosa 741, 1942, 
1934 respectively (Fig. 8.). The peaks at 3695 and 3251 cm" are the amide A and B bands, 
respectively, which arise from a Fermi resonance between the first overtone of amide and 
the N-H stretching vibrations. The 1495 cm peak refers to the amide II band, which arises 
because of the C-N stretching as well as the C-N-H bending motions. The 1352 peak is the 
amide III band, which arises predominantly because of the in-phase combination of N-H in 
plane bending and C-N stretching vibrations. 
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Figure 8. FTIR analysis showed peak around 1646.936 in P. aeruginosa 2453 whereas, others showed 
peak around 1642.269, 1639.446, 1637.873 for P. aeruginosa 741, 1942, 1934 respectively. 


4. Discussion 


Azurin production from P. aeruginosa MTCC 2453 was enhanced when 5yug/ml of copper 
sulphate and the potassium nitrate (0.02ug/ml) was added. At each step of the purification 
process protease inhibitor was added to the protein sample for inhibition of protein lyses. 
During dialysis most of the lower (approx) proteins up to 3 kDa molecular weight are 
pierced out. The retained proteins (above 3 kDa molecular weight) were washed in 
sephadex G-25 which serves as a desalting column and also has 3-5 kDa molecular weight 
fractionation range. High molecular weight more than 5 kDa proteins were eluted 
immediately after void volume which was revealed in SDS-PAGE and MALDI-ToF 
spectrometer. 


The fraction collected from G-25 containing only more than 5 kDa proteins were passed 
through on G-75 which has 5-80 kDa fractionation range. The higher proteins above 80 kDa 
molecular weight elute after void volume; the remaining proteins between 6-70 kDa were 
bounded within the beads later eluted by the buffer. The fraction which showed 14 kDa 
molecular weight by analyzing in MALDI-ToF spectrometer for all the fractions (MALDI- 
ToF results not shown for all fractions which showed peak) were collected and again 
purified in CM cellulose chromatography. The fraction which showed peak in CM cellulose 
was again observed in MALDI-ToF spectrometer to confirm the presence of 14 kDa 
molecular weight of Azurin. 


Our idea of adding copper in the culture medium was not only for the enhanced azurin 
synthesis, but to reveal the differences of azurin’s stability in the secondary structure for all 
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P. aeruginosa strains. The FTIR investigation showed azurin has C=O (protein backbone) 
stretching, which is the unique nature of the amide I band. The presence of the amide band 
at 1650 cm signifies the a-helix secondary structure of azurin. The significant shift among 
four strains synthesized azurin implies that there was a difference in their secondary 
structure which may be due to their physiological or genetic variations among strains. The 
impact of the differences in the secondary structure of azurin synthesized from all four 
strains tested, were also reflected in the apoptosis generation of all strains. 


Abbreviations 


MALDI-Matrix-Assisted Laser Desorption/Ionization, SDS-PAGE-Sodium Dodecyl] Sulfate 
Polyacrylamide Gel Electrophoresis, FTIR- Fourier Transform Infrared Spectroscopy, CuSO4 
— copper sulphate, KNOs - Potassium nitrate, MTT -3-(4,5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium, PI-Propidium Iodide, DMSO-dimethylsulfoxide, MALDI-ToF-Matrix- 
Assisted Laser Desorption/Ionization-Time of Flight, MTCC- Microbial Type Culture 
Collection center, CM-carboxymethyl, DEAE-Diethylaminoethyl Cellulose 
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1. Introduction 


The apple tree belongs to the Plantae kingdom, Magnoliophyta class, Rosales order, Rosaceae 
family, Pomoidae sub-family and Malus genus. Originating in the mountains of Asia, the 
apple (Malus domestica Borkh) is a temperate fruit with an ancient history [1]. 


The center of the origin of the Malus cultivars is understood to be in Asia Minor, in the 
Caucasus, located between the Caspian and the Black Seas, the Indian Himalayas, Pakistan 
and Western China[2], all areas that had access to the Silk Road where marketable products 
were transported from the east to Europe since antiquity. This is a series of trade routes that 
crossed Eurasia by land and by stretches of sea or river for over 2,000 years until 1,500 BC, 
and which enabled the movement of important materials that promoted the exchange of 
ideas and innovations between different cultural groups. Over the centuries, gunpowder, 
the compass, the printing press, silk, mathematics and ceramics all migrated along this road, 
as well as stringed instruments. Resources, information and news were all spread in this 
fashion among many cultures for such a long period that is often difficult to identify the 
source of many traditions. 


Whatever may have been the mechanism of transport of varieties of apples it is certain that 
animals, birds, cattle and bats, among others, played an important role [2]. The caravans, 
with their humans and camels, ate the fruit and left the seeds in fertile areas along the 
highway since the Neolithic period and many cultivars were perfectly defined in the Middle 
East around 4000 BC. These regions are characterized by a temperate climate, with low 
winter temperatures - important for the winter hibernation of apple trees. Commercial 
apples today are descendants of species from Asia, including the Gala, Golden Delicious 
and Fuji. 
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2. Geographical distribution of apple agroindustries 


The cultivation of apples is found in diverse temperate climates around the world, in both 
hemispheres but with a greater distribution in the northern hemisphere. In the first decade 
of the twenty-first century, in a situation with many global changes taking place, the five 
biggest producers of fruit are those known by the acronym BRICS (Brazil, Russia, India, 
China and South Africa). 


The worldwide production of apples of 68 million metric tons, contains 40% that is relative 
to the main producing country, China, which is characterized by having a monovarietal 
culture based on the Fuji variety [3]. The area under cultivation in China has been stable 
over the past three years, with about 2,000 ha and a yield of 16 ton/ha, and the country still 
imports 58,000 tons which brings the domestic market up to a total of 32,058 million tons. 
The consumption of fresh fruits is 25.6 million tons, with a per capita index of 19.2 kg, and 
1,460,000 tons of these high quality apples are exported, leaving 4,998 million tons for 
industrial use, of which 87.5% are destined for use as concentrated juice [4]. These statistics 
place China in a prominent position in the apple agroindustry. This means that just as China 
had increased its production to become the largest producer as forecast [5] many other 
countries had decreased their production to justify decline in production in the rest of the 
world of -2%. The production of the European Economic Community, including the UK, 
demonstrates stability of production and points to a fall of 5% between 2002 and 2011, 
demonstrating how the largest producers such as Poland and Italy (> 2,000,000 tons), France 
(> 1,000,000 tons) and Germany (900,000 tons), which together account for 70% of this 
activity of apple production available for both the common market and for export [6]. The 
United States, the second largest producer, accounted for 6.2% of the volume of apples 
produced in 2008. In South America, the main producers are, in order, Chile, Argentina and 
Brazil, although none of the three produced more than 2% of the world total in 2008. In that 
year, production in Brazil accounted for 1.6% of the world total, positioning the country as 
12th in the ranking of countries by apple production [7]. 


There are thousands of domesticated and commercial species of apples that act as a 
producer or pollinator in commercial orchards and they are ranked periodically in relation 
to their commercial importance. The top ten apple varieties (excluding those produced in 
China) in descending order are Golden Delicious, Delicious, Gala, Granny Smith, Fuji, 
Jonagold, Idared, Jonathan, Braeburn and McIntosh [8]. 


The major advances in the cultivation of apples are listed by [9] and include the 
development of new varieties and disposal of others in the process of applying emerging 
research processes. Granny Smith, Gala, Fuji, Jonagold, Pink Lady and Empire are all types 
of apples that have excelled more effectively than expected. A new feature has been the 
practice of treating all the varieties in a similar way as a means of maintaining the unit price, 
since the producers are moving towards producing predetermined and defined amounts of 
fruit. This homogenous practice spread to Australia, but in Europe there are already 10 sets 
of varieties and in the United States there are at least seven such sets. The dwarfing of 
apples is regarded as an improvement as well as the optimization of planting density 
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systems, with the solution of problems of overheating solved by setting branches at angles, 
which demonstrates the practical aspects of the solutions. The development of growth 
regulators and genomics shows the dependence on current scientific development [9]. 


3. Principal products from apples 


In the apple processing industry the principal products are apple juice and fermented 
products such as cider and vinegar. In some countries (France, Spain, Switzerland and 
England), genetically improved fruit are used with special physical and chemical 
characteristics in order to standardize products, which are called ‘industrial apples’. On the 
other hand, the production of apples generates a discarding process both at the time of 
harvest and in the classification process for the fresh market. These discarded apples can 
vary from between 10 to 30% of total production [10]. 


These discarded fruits are taken for processing to extract the juice or must. In Brazilian 
companies, besides the mixture of cultivars, there are fruits in different stages of ripening 
(from pre-maturation to senescence) and with possible phytopathological defects due to 
high temperatures (25-35°C) at harvest time. This occurs in summer and fruit for processing 
is stored externally, as in Europe, but the temperature at harvesting time in France is 7-15°C 
[11]. 


Various technologies can be used in the extraction of apple juice. The system of continuous 
press is the most used, but in small companies discontinuous vertical hydraulic presses are 
also used. The addition of pectinolytic enzymes and maceration may increase the extraction 
yield either by pressing or centrifuging. However, the use of enzymes should not alter the 
physical-chemical parameters established by international legislation or the standards of 
each company that will use the juice or must [10]. 


In the process of extracting the juice or must a by-product is produced, which is known as 
apple pomace. This residue can represent 20-35% of the production. The yield of pomace 
that is generated and its composition will depend upon the cultivars, their stage of 
conservation and the technology used in processing. 


3.1. Apple pomace 


Traditional stabilization technology takes into account that apple pomace is an agro- 
industrial residue with a view to the fact that its disposal creates environmental problems of 
high cost. However, apple pomace is an interesting material that has attracted considerable 
attention as a potential source of dietary sugar, fiber, phenolic compounds and pectin. 


These products can be used for many purposes in the pharmaceutical, cosmetics and food 
industries. The commercial production of apples in Brazil, based on only two cultivars, was 
designed to meet highly demanding customer requirements both with respect to quality and 
the retail prices of table fruit, and more recently the industrial product, either as juice or in a 
fermented form. Industrial apple pomace has in its composition all the constituents of the 
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fruit in varying amounts, more or less, and is the residue from the pressing of the grated 
mass of unfermented juice, cider, wines, brandies and distillates or vinegars 12. 


In Brazil, 70% of apples produced are sold for fresh consumption, while 30% are considered 
‘industrial’ fruit. One third of this fraction is considered to contain fruit of low quality, 
which must be discarded or used for the production of distillates such as alcohol or vinegar 
and the remaining two thirds are fruits that can be used for the processing of apple juice 13. 
On the global scene, in the 1980s, with reference to industrial fruit, 75% of the products 
consisted of apple juice or must and 25% was apple pomace, when 8 kg of raw material was 
required to produce the amount of 6 kg of apple juice necessary to makel kg of concentrated 
juice. In 1996, the yield had risen by 85% due to the use of enzymes in the preparation of the 
must. Since that time, the yield has increased slightly depending on the variety of the fruit 
and the degree of maturity, which means that currently 7 kg of apples are required for 1 kg 
of concentrate. But it is possible to increase this by 1% with the use of the most up-to-date 
enzymes [14]. 


The drying of apple pomace seems to be the most economic technological approach to 
stabilize the product because it dramatically reduces the volume of water and makes 
transport cheaper. The yield of dried pomace at 60°C is about 50.0 g kg“! in 10 hours, or 5% 
of the raw material. The appearance of the dried pomace is dependent on the adiabatic 
drying temperature. From 50 to 60°C, darkening enzymatic reactions are stimulated [15], 
while from 90 to 100°C Maillard reactions occur, with products appearing darker than those 
obtained in the range of 70 to 80°C. However, if the criterion of stopping the process is the 
time at which the temperature of the pomace starts to rise, that temperature will never rise 
to values higher than 52°C and thus the final temperature tends to be homogeneous. 


The instability of apple pomace is related to its physical-chemical composition and the 
presence of some enzymes that are activated after the disintegration of plant tissues 
[161714]. Apple pomace is composed of water (76.3%), soluble solids (23.7%) and is 
obtained from the epi-mesocarp (95.5%), seeds (4.1%) and stems (1.1 %). It has an average 
humidity of 80% and 14% of total soluble solids including glucose, fructose and sucrose. Its 
composition is related to the cultivar and processing [17]. The fiber content varies from 11.6 
to 44.5%, and includes cellulose (12.0 to 23.2%), lignin (6.4 to 19.0%), pectin (3.5 to 18%,) and 
hemicellulose (5.0 to 6.2%). The average dietary fibers (35.8%) and sugars (54.4%) make up 
91.2% of pomace and the other components are proteins, lipids and ash [18]. The chromatic 
characteristics L = 51.8, a = 5.4 and b = 18.2 have been determined in samples of apple 
pomace [19]. 


The use of apple pomace as a potential source of nutrients for the production of glucosidase 
by Aspergillus foetidus was suggested by [20]. Ten years later [21] suggested its use for other 
technological purposes such as the recovery of phenolic compounds. Apple pomace is also 
recommended for biotechnological applications such as ethanol production [22], flavorings, 
citric acid, pectin, enzymes and molds for the extraction of dietary fiber and mineral coal [23]. 


The apple pectin that is derived from the extraction of apple pomace is dark brown in color 
compared to orange pectin. Studies are being carried out regarding the potential use of 
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apple pomace in the recovery of native phenolic compounds associated with darkening, for 
use as antioxidants, resulting in a lighter color of the pectin obtained. These points to the 
growing trend of industry to find alternatives that promote the ‘recycling’ of waste, with 
maximum recovery and greater commercial exploitation of components previously 
considered as by-products. 


3.2. Pectin 


Pectin refers to a family of polysaccharides and oligosaccharides, which have common 
characteristics but are extremely diverse in their fine structure. The pectic skeleton is 
primarily a homopolymer of galacturonic acid bound in a(1>4), with varying degrees of 
methyl esterified carboxyl groups 24/25. Pectin must consist of at least 65% galacturonic 
acid, according to the FAO (UN Food and Agriculture Organization) and EU (European 
Union) 25. 


Pectin is one of the most important substances found in apples because it provides 
approximately 10% of daily fiber requirements. Pectin is a soluble fiber that is not absorbed 
by the intestine, i.e. the fibers are not degraded by digestive juices, but they increase the 
volume of fecal material, assist in the proper functioning of the intestine, retain water and 
various residual substances, facilitate the elimination of toxins along with stools, promote 
the protection of the intestinal mucosa and help in the treatment of diarrhoea. Pectin is also 
highly recommended for diabetics because it reduces the absorption of glucose. The daily 
consumption of approximately 2 small apples provides the required dose of pectin. Pectin 
also assists in reducing bad cholesterol because it forms a fiber barrier in the intestinal wall 
preventing the absorption of cholesterol and other fats. 


In the industrial sector, pectic polysaccharides promote increased viscosity and act as a 
protective and stabilizing colloid in foods and beverages such as jams and jellies, fruit 
preparations for yoghurts, concentrated fruit juices and drinks, milk and fruit-based 
desserts, gelled dairy products, confectionery, and dairy products that are directly acidified 
or fermented. Other properties include the prevention of flotation in fruit preparations, 
stability of bread products, protein stabilization, softness in texture, increase in volume and 
the control of syneresis 25. 


3.2.1. History of pectin 


The first citation relating to pectin is found in an English article from 1750 about the 
preparation of apple jelly [26]. The process of extracting liquid pectin was recorded in 1908 
in Germany and the process spread rapidly to the United States, where a patent was 
obtained in 1913 by Douglas (U.S. Patent no. 1,082.682) [27]. As for commercial production, 
in the 1930s Hermann Herbsthreith discovered the potential use and application of apple 
pomace, a hitherto discarded by-product of the production of fruit juice [28]. 


The content of pectic substances varies depending on the botanical source of plant material. 
There are four by-products of the agricultural and food industries that are high in pectic 
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substances (content over 15% on a dry basis): pomace from apples, citric albedo, sugar beet 
pulp and /sunflower rinds 29. 


The cell wall, a dynamic compartment of plants, can be divided into two layers called 
‘primary’ and ‘secondary’. The primary cell wall can be classified into: [1] type I, mainly 
composed of cellulose, xyloglucans, pectin and extensin, generally present in dicots and 
some monocots (non-comelinoides) and [2] type II, comprising mainly cellulose, 
glucoarabinoxylans and phenolic compounds with a lower proportion of pectin, found in 
Poaceae and in most monocotyledonous plants. The matrix of pectin controls, among other 
properties, porosity. The middle lamella consists of pectin molecules that are joined by 
cross-linked chains with homogalacturonan layers subsequently deposited in pectin of 
opposing cells 30. 


Most of the pectin used by the food industry originates from such raw materials and is 
extracted under conditions of low acidity and high temperature, resulting in chains that are 
primarily homogalacturonan 25. 


The ratio of raw materials and solvent in the extraction of pectin can be adjusted in order to 
separate the solid and liquid phases, the filtration of the extract and the costs of water 
evaporation in the process. Thus, it is possible to control the extraction of pectin to optimize 
its potential use 24/31. 


3.2.2. Structure and composition of pectin 


In 1934, citrus pectins were recognized as linear chains of galacturonic acid and since then it 
has been found that pectin is a highly complex molecule. The challenge of recent times has 
been to accommodate all the available information in a single structural model [25]. Pectin 
are formed by seventeen different monosaccharide, arranged in distinct polysaccharides 
from more than twenty different connections that form a network when joined together [25: 
30] and they are grouped into different types of chains consisting of uronic acids, hexoses, 
pentoses and methyl! pentoses. Several structural units may be replaced by methanol, acetic 
acid and phenolic acids. Sugars can exist in furanic or pyranic forms and with different 
anomers (a or $) with various types of linkages between monomers such as a(1>4), 
a(1>5), B(193) e B(1>4) e B(1 6) B(16) [32]. Recently there has been progress in the 
understanding of the very complex fine structure of pectic polymers. 


Homogalacturonan (HG) is the most abundant pectic polysaccharide in the cell wall, 
equivalent to about 60-65% of the total pectin [2533]. It presents units of o-D- galacturonic acid 
in 144 links in a linear pattern. The carboxyl groups are partly methyl-esterified. The chains 
may be, depending on the plant source, partially O-acetylated at C-3 or C-2 [34'33'30]. 


Rhamnogalacturonan I (RG-I) has a chain represented by the disaccharide [>4-a-D-GalA- 
(192)-a-L-Rha-(19]n (34; 25; 33; 30]. In summary, a variety of different glucan chains 
(mainly arabinan and galactan) are linked to rhamnose units. The chain length may vary 
considerably and the composition of RG-I sugars may be highly heterogeneous [34]. RG-I 
represents 20-35% of pectin, with a high degree of cell specialization and expression 
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depending on the development, the type and number of simple sugars and oligosaccharides 
attached to this chain. The reason for this level of variation in RG-I is not known, but it 
suggests a functional diversity. 


Rhamnogalacturonan II (RG-II) is the most structurally complex segment and comprises 
10% of pectin. This structure, highly conserved in most plant species, consists of a 
homogalacturonan skeleton of approximately eight (probably more) monomeric units, 
containing side chains of up to 12 different types of sugars, some highly peculiar such as 
apiose, aceric acid, Docosahexaenoic acid (DHA) and 3-Deoxy-D-manno-oct-2-ulosonic acid 
(KDO). RG-II usually exists in cell walls as cross-linked dimers by a borate diol ester apiosil 
between units in the side chain [34; 25]. 


Xilogalacturonana (XGA) is a homogalacturonan substituted with xylose linked to position 
3. The degree of control of xylose may vary between 25% (watermelon) to 75% (apple). This 
xylose may be additionally substituted in 0-4 in conjunction with another xylose in 8, which 
is more prevalent in reproductive tissues such as fruits and seeds [25;33]. 


Arabinogalactan I (ARA-I) is composed of skeleton 6 -D-Galp; residues of a-L-Araf may be 
linked to galactosyl units in position 3. Arabinogalactan II (ARA-II) is primarily associated 
with proteins (3-8%), also called arabinogalactan-proteins (AGPs). AG-II is composed of a - 
D-Galp 143 skeleton, containing short chains [a-L-Araf (16) B-D-Galp (146)]n, where n = 
1, 2 or 3. The protein part is rich in proline, hydroxyproline, alanine, serine and threonine 
[25]. Arabinan (ARA) is composed of an a-L-Araff skeleton in 15 links, where there may 
be side chains of a-L-Araf (193) [35]. There is also another chain, not shown schematically, 
which is apiogalacturonan (API), HG substituted in O-2 or O-3 with D-apiof the 2-O-or D-3 
apiof. It is present in aquatic monocots such as Lemna [33]. 


4. The application of chromatographic techniques 


The properties and application of pectin are affected by several parameters related to pectin 
structure, including the composition, presence and distribution of side chains, degree of 
methyl-esterification (DE), degree of acetylation (DA), molar mass, and the charge 
distribution along their backbone. Differently from proteins, whose structure is defined in 
relation to a template, pectin are a mixture of heterogeneous polymers and preparations that 
contain pectins that have been isolated by chemical and enzymatic treatments likely to 
cleave covalent bonds. The conditions used for pectin extraction can also release other cell 
wall polymers. Preparative chromatography can be used to separate homogeneous fractions 
of pectic polysaccharides from a mixture. 


Determining the fine structure of pectins is a challenging task which encompasses the 
determination of molar mass, monosaccharide composition, configuration and ring size of 
monosacchrides, identification of glycosidic linkages, sequence of glycosyl units in the 
polymer, determination of DA and DE, as well as the distribution of the acetyl and methyl 
esters groups along the chain. A combination of chemical, spectroscopic and 
chromatographic methods is commonly used to fully characterize pectic polysaccharides. In 
recent years, X-ray diffraction, circular dichroism, light scattering, electron and atomic force 
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microscopy and theoretical approaches has also been used in order to examine the fine 
structure and interactions of pectins. Although chromatography is primarily a separation 
technique, chromatography techniques are powerful tools to study the composition, DE, DA 
and molar mass of pectins [36]. 


5. Determination of molar mass by HPSEC technique with MALLS 
detector and RI 


Size exclusion chromatography (also called gel permeation chromatography) has been 
widely used to analyze the molar mass distribution of polymers. The eluted fractions can be 
examined by different detection techniques such as: colorimetric methods, refractive index, 
ultraviolet, light scattering and viscosity measurements. 


Size exclusion chromatography has been used to determine the molar mass of 
polysaccharides. In many instances, a calibration curve, previously obtained by using 
dextran molar mass standards, is used for this purpose. However, in size exclusion 
chromatography, molecules in solution are separated by their size rather than by their molar 
mass. Since the size is related to the conformation of the polysaccharide in a given solvent, 
the use of dextrans as molar mass standards is highly restricted. Experimentally, a problem 
in this approach is the absence of commercial molar mass standards for the different types 
of polysaccharides, including pectins. 


The use of high performance size exclusion chromatography coupled to a differential 
refractometer (RI) and a multi-angle laser light scattering (MALLS) detector allows the 
study of the molar mass distribution of pectins as well as the determination of the absolute 
molar mass. While RI gives a signal proportional to the concentration, MALLS response 
increases with the concentration and molar mass. The MALLS instrument enables the 
determination of absolute molar masses of polymers from below 1000 g/mol to hundreds of 
millions without a calibration curve with reference standards. The molar mass is estimated 
directly from the angular dependence of scattered light intensity as a function of 
concentration, as formulated by light scattering theory. However, the molar mass 
calculation is only possible when the eluted fraction is detected by both RI and MALLS. An 
accurate determination of the refractive index increment with concentration, dn/dc, is 
required [37; 38]. Figure 1 displays a unimodal distribution of molar mass for a 
polysaccharide with Mw 1.39 x 10°g/mol, determined by HPSEC-MALLS. 


In addition to the average molar mass from HPSEC analyses coupled to light scattering 
detection it is also possible to obtain: a) the ratio Mw/Mn which is used as an index of 
polydispersity; b) the radius of gyration; c) the differential molar mass distribution plot 
which shows how much material (differential weight fraction) is; distribution for the same 
polysaccharide extracted using three different times of; extraction); d) the cumulative 
distribution of molar mass curve which gives for each molar mass, the weight fraction of 
material having molar mass less than the given molar mass (Figure 3 shows the cumulative 
distribution of molar mass for a same polysaccharide extracted using two different times of 
extraction); e) the log-log plot of root mean square radius of gyration as a function of molar 
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mass which gives information about the molecular conformation. Theoretical slopes of 0.33, 
0.50 and 1.0 occur for spheres, random coils in theta solvents, and rigid rods, respectively. 
Usually, most real random coils have slopes in the range 0.55-0.6 [37]; f) using a viscometer 
connected in series with MALLS and RI in the HPSEC system, the intrinsic viscosity can be 
determined [40]. 
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Figure 1. HPSEC elution profile of a polysaccharide isolated from seed [39]. 


A comparison between MALLS and LALLS detector in HPSEC has been shown to give 
results in very good agreement [40] 
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Figure 2. Differential molar mass distribution for a polysaccharide obtained after 15 min, 15 h, and 48h 
of extraction [39]. 
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HPSEC-MALLS/RI was used to compare the molar mass distribution of pectins obtained 
from the dried pomace of eleven apple cultivars [41]. Although the pectins were obtained 
under the same extraction conditions, some differences were identified among the fractions. 
According to the results, pectins from different variety of apple can display differences in 
their molar mass profiles as depicted in Figure 4 (for clarity only RI detector is shown). 
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Figure 3. Cumulative molar mass distribution for a polysaccharide obtained after 15 min and 48 h of 
extraction [39]. 
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Figure 4. HPSEC elution profiles of pectins obtained from the dried pomace of eleven apple cultivars 
(columns: Waters Ultrahydrogel 2000/500/250/120 connected in series; eluent: 0.1M NaNO: solution, 
containing NaNs (0.5 ¢/I); flow: 1.5 mg/ml) [41]. 
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6. Monosaccharide composition 


Information on the composition of pectins can be obtained by different chromatographic 
methods. Regardless of the method used to determine the monosaccharide composition, the 
pectin under study needs to be previously hydrolyzed in order to release its monomeric 
units. It is well known that the glycosidic linkages with acidic monosaccharides are more 
resistant to hydrolysis. For pectins, the different sensitivities to acid hydrolysis are: GalA- 
GalA > GalA-Rha > Rha-GalA > neutral sugar-neutral sugar 42. The chosen conditions must 
be a compromise between maximum hydrolysis with minimal degradation. 


Although the more simple chromatographic methods, such as paper chromatography (PC) 
and thin layer chromatography (TLC), can give only qualitative information about the 
composition of pectins, they can be useful to check the adequacy of the conditions of 
hydrolysis. 


7. Determination of monosaccharide composition by GC 


Gas-liquid chromatography (GC) is widely used for the analysis of carbohydrate. GC is used 
in the separation and analysis of complex mixtures of many components that can be 
vaporized without decomposition. For monosaccharides released after total hydrolysis, 
derivatization is necessary due to polar groups of carbohydrates which make them 
nonvolatile. Derivatization methods consist of the substitution of the polar groups of 
monosaccharides in order to increase their volatility. Many types of derivatives can be 
employed in the analysis of monosaccharide composition by GC, acetylated and silylated 
derivatives being the most popular. The advantages of acetylated derivatives include the 
presence of a single peak for each derivatized monosaccharide and their high stability. The 
derivatization reaction involves reduction with sodium borohydride followed by the 
acetylation itself. However, in the acetylation only the hydroxyl groups are derivatized. 
Complete quantification and identification of individual neutral and acidic sugars using 
acetylated derivatives can be accomplished by an additional step, which includes the 
carbodiimide-activated reduction of the carboxyl groups of uronic acids in order to give the 
corresponding neutral sugars [43]. Alternatively, GC can be used just to quantify the neutral 
monosaccharides, while titration or colorimetric method can be used to evaluate the amount 
of acidic units. This approach was chosen to study the composition of pectins from the dried 
pomace of eleven apple cultivars (Table 1) [41]. 


In GC analysis, compounds that have similar properties often have the same retention times. 
Sometimes extraneous background peaks can be a problem for the identification and 
quantification of monosaccharides present in minor amounts in complex mixtures. Gas 
chromatography associated to mass spectroscopy (GC-MS) can be used to overcome this 
difficulty. GC-MS combines two techniques to form a single method of analyzing mixtures 
of chemicals. For a pectic polymer, gas chromatography separates the monosaccharides 
derivatives present in the mixture and mass spectroscopy characterizes each of the 
derivatives individually by their mass fragments. MS has the advantages of high selectivity, 
specificity, and sensitivity 43. 
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Cultivar Fraction (% 


AUAMeO Rha Fuc Ara Xyl Man Gal Gle 


1 46.90 5.88 0.65 0.12 3.33 1.31 2.23 2.51 37.3 
2 51.20 6.49 0.85 0.31 4.70 3.21 0.05 4.67 28.9 
3 50.90 6.34 0.82 0.32 4.70 2.46 4.10 2.94 27.5 
a 51.60 6.67 0.01 0.01 3.48 3.55 9.55 5.11 24.7 
5 51.60 6.70 0.96 0.23 4.23 2.50 2.99 2.37 28.5 
6 51.30 6.66 1.35 0.54 5.05 3.90 4.31 3.46 23.4 
7 53.40 6.93 1.08 0.33 4.88 3.00 3.25 4.38 22.8 
8 50.30 6.35 2.09 0.74 8.54 3.78 3.95 3.14 21.2 
9 50.40 6.30 0.34 0.00 4.79 3.86 3.43 4.31 25.4 
10 48.70 6.06 0.91 0.20 3.76 2.00 2.78 3.27 32.4 
11 52.90 6.72 1.08 0.35 5.03 2.90 3.96 4.68 22.4 
Average 50.80 6.46 0.92 0.29 4.77 2.95 3.69 3.71 26.8 
Standard Deviation 1.72 0.30 0.51 0.21 1.33 0.79 2.17 0.91 4.60 


Coefficient of Variation (%) 3.39 4.62 55.57 72.0027.8626.8258.9224.4417.21 


Source: Sato et al., (2011)[41]. 

Table 1. Monosaccharide composition of pectins from the dried pomace of eleven apple cultivars. 
Neutral sugars were determined as alditol acetates by GC using a DB-210 capillary column (0.25 mm 
internal diameter x 30 m), film thickness 0.25 um and flame ionization detector. Contents of uronic acids 
(AUA) were determined by titration. 


When carboxyl-reduction of glycosyluronic acid is performed the use of sodium 
borodeuteride (NaBDs) and GC-MS is preferred. The use of NaBD4 provides an easily 
identified tag by MS analysis that allows the quantitative determination of the content of 
uronic acid as its corresponding neutral sugar [43]. 


GC-MS has also been used to identify and quantify unusual sugars present in RG-II. This 
approach is very useful, since commercial standards are not available for all unusual 
monosaccharides present in RG-II. The contents of DHA, KDO, aceric acid, 2-methyl-xylose 
and 2-methyl-fucose have been determined by GC-MS of their trimethylsilyl-esters O- 
methyl glycosides after acidic methanolysis and derivatization [43; 44]. 


8. Determination of monosaccharide composition by HPLC and HPAEC- 
PAD 


High performance liquid chromatography (HPLC) is characterized by using high pressure 
to force chemical compounds to pass the column containing a stationary phase. Since 
monosaccharides released after total hydrolysis do not present enough volatility to be 
analyzed by GC, HPLC should be the most useful technique for the determination of 
monosaccharide composition. Monosaccharides cannot be detected by absorption due to the 
lack of chromophore in the molecular structure and are usually detected by refraction index 
detector. However, refraction index detector is sensitive to eluent composition and sample 
matrix, making the application of the gradient elution method limited and not allowing the 
complete separation of all monosaccharides [43]. 
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Acid-catalysed or enzymatic hydrolysis followed by HPLC analysis to determine the GalA 
content in pectins has been proposed by different authors. When enzymes that release and 
specifically degrade pectins are used, the method can be useful for analysis of GalA in 
pectin samples as well as in the raw material that can be used for pectin extraction [45]. 


In recent years, high performance anion exchange chromatography coupled with pulsed 
amperometric detection (HPAEC-PAD) had been used to directly analyze the contents of 
carbohydrates. The development of this new technology had readily solved the above- 
mentioned problems. HPAEC-PAD can be used for simultaneous determination of 
monosaccharides and uronic acids. The method had been applied for the separation of 
GalA, GlcA, Rha, Fuc, Ara, Xyl, Man, Gal and Glc. Monosaccharides are weak acids with 
pKa above 11. HPAEC uses NaOH as an eluent making sugars in their anionic form. In 
general, the elution sequence of monosaccharide is related to their pKa value, and in the 
same conditions, the time of elution increases with the value of pKa [46]. 


9. The use of chromatographic techniques for determining DA and DE 


DE is usually determined, together with galacturonic acid content, by titration. However, 
the presence of acetyl can contribute to an overestimation of DE, since the acetic acid 
released during the saponification will be titrated. Chromatographic methods can be used 
for determination of DE and DA. An HPLC method for simultaneous determination of DE 
and DA was proposed by Voragen et al (1986) [47] and modified by Levigne et al (2002) [31]. 
In the former, an Aminex HPX-87H column is used while the second method uses a C18 
column. The pectin is saponified and precipitated followed by methanol and acetic acid 
separation from the supernatant by HPLC and quantification by refractometry using an 
internal standard. The method allows accurate determination in a single run and within a 
short time, the DE and DA using low amounts of pectins (~ 5mg). This method presents 
some advantages when compared to that using FT-IR for DE calculation. FT-IR method 
requires pectins standards with different DEs in order to construct a calibration curve and 
the presence of acetyl can contribute to an overestimation of the DE. 


Huisman et al. (2004) [48] proposed a method for DE determination using head-space GC. 
The approach is similar to that used in the HPLC method. Head-space GC is used for the 
quantification of methanol released from pectin by saponification. A lower amount of pectin 
is needed (~2mg) and the chromatogram shows a symmetrically shaped methanol peak 
which is very easy to integrate. However, the method is only applicable for the 
determination of DE and another approach has to be used in order to estimate DA. 


10. Chromatographic techniques as an aid in the study of the fine 
structure of pectic polysaccharides 
Chemical and enzymatic hydrolysis has been used to produce fragments of pectic 


polysaccharides in order to study the fine structure of pectins. The differences in the lability of 
glycosidic linkages to acid hydrolysis (see section 3.2) allowed the homogalacturonan region to 
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be isolated and its minimal length estimated. Under controlled conditions, acid hydrolysis of 
RG-I gives a fraction of intermediate molar mass that is rich in GalA and Rha. The neutral side 
chains are quickly hydrolysed to form low molar mass oligosaccharides [49: 42]. 


RG-II was first isolated from cell walls using enzymatic treatment. The structure of RG-II 
was investigated using a combination of enzymatic and controlled acid hydrolysis. Using 
chemical fragmentation, four oligosaccharides from side chains were obtained [42]. 


The products from chemical and enzymatic hydrolysis are further fractionated by 
chromatographic techniques and structurally characterized. Usually, ion-exchange and size 
exclusion chromatography are used to fractionate the segments of pectic chains produced in 
the partial hydrolysis. The recovery of oligosaccharides with low degree of polymerization 
greatly facilitates the structural studies. Elucidation of the sequence of glycosyl units with 
the methods current available is only possible for oligosaccharides. This approach allowed 
the identification of xylogalacturonan in the modified hairy region of apple pectin [50]. 


One of the steps in the structural analysis of pectins is the determination of the glycoside 
linkages. Methylation analysis is one of the main tools to determine glycosydic linkages of 
polysaccharides and their oligomers. In this procedure, the free hydroxyl groups of pectins 
or their oligosaccharides are methylated. Then, the partially methylated material is 
hydrolysed and submitted to reactions to afford volatile derivatives. The products from this 
procedure are separated and analyzed using the chromatographic method of GC-MS [51]. 


11. Final considerations 


Due to the need in recent years to seek alternatives that meet sustainable development, 
polysaccharides have emerged as source of sustainable products for fuel, food, materials 
and medicine. In this context, pectin is found in all higher plants and can be obtained from 
renewable sources. Although nowadays, commercial pectin is usually derived from citrus 
peel or apple pomace, other by-products from agroindustry can be used for pectin isolation. 
However, pectin preparations from non-traditional sources with a set of properties for 
specific applications require complete structural elucidation of the polymers. Chemical and 
enzymatic modification of pectins can be used to obtain new functionalities and again, an 
understanding of pectin fine structure-function relationships is required. Considerable 
progress has been made in the elucidation of the fine structure of pectin mainly due to the 
progress of chromatographic and spectroscopic methods; however a better understand is 
necessary in order to be able to design pectins for specific industrial or biological 
applications either by chemical modification or genetic engineering. At the moment, apple 
pectin remains a well suited option for different applications. 


List of abbreviation 


FAO Food and Agriculture Organization 
HG Homogalacturonan 
RG-I Rhamnogalacturonan I 
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RG-II Rhamnogalacturonan II 

DHA Docosahexaenoic acid 

KDO 3-Deoxy-D-manno-oct-2-ulosonic acid 

XGA Xilogalacturonana 

ARA-I Arabinogalactan I 

ARA-II Arabinogalactan II 

API Apiogalacturonan 

DE Degree of methyl-esterification 

DA Degree of acetylation 

RI Differential refractometer 

LALLS Low angle laser light scattering 

MALLS Multi-angle laser light scattering 

HPSEC High Pressure Size Exclusion Chromatography 

PC Paper chromatography 

GC Gas-liquid chromatography 

TLC Thin layer chromatography 

AUA Uronic acids 

GC-MS Gas chromatography associated to mass spectroscopy 

HPLC High performance liquid chromatography 

HPAEC-PAD High performance anion exchange chromatography coupled with 
pulsed amperometric detection 

FT-IR Fourier transform infrared spectroscopy 
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1. Introduction 


Beside of separation and identification of chemical compounds, chromatography can be 
used to obtain molecular parameters that reflect their structural characteristics — 
molecular descriptors. Most often it is a parameter of hydrophobicity (lipophilicity) of 
molecules (ions) which is obtained by using retention parameters of reversed phase 
liquid chromatography or thin layer chromatography of high resolutions (RPHPLC and 
RPTLC) [1,2]. Hydrophobicity of molecules is an important feature in medical 
chemistry, and arbitrarily connected with the logarithm of the solute partition 
(distribution) coefficient logP (P stands for the ratio of the equilibrium concentration of 
the particle of the same electronic structure in 1-octanol and its equilibrium 
concentration in water). Partition coefficient is determined by the traditional shake flask 
method, which has drawbacks: long analysis (for reaching equilibrium) and the results 
often do not have adequate reproducibility [1,2,3]. While hydrophobicity obtained by 
chromatographic methods is obtained relatively quickly, it is possible to specify a 
number of compounds and achieved by high precision and reproducibility of results. 
Lipophilicity of chemical compounds (which is expressed either as a 
chromatographically i.e. retention parameters or as an in silico molecular descriptors of 
logP) is often included in the regression equations obtained in the QSA(P)R 
(Quantitative Structure Activity (Property) Relationship) studies [1,2,3]. 


Bile acids are amphiphilic molecules that have peculiar structure, because molecular 
descriptors that are obtained on the basis of the molecular graph or fragmentation methods 
often do not reflect their true structural features [4]. Therefore, the bile acid 
chromatographic lipophilicity play an important application in obtaining QSA(P)R models 
that connect biological and pharmacological or other physical-chemical properties 
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(solubility, critical micelle concentration, critical micelle temperature, etc.) for their structure 
[5]. In the QSA(P)R models chromatographic parameters are independent variables. 


In the following section presents the introduction chromatographic parameters (TLC and 
HPLC) that are used to represent the hydrophobicity of compounds, and presents the main 
structural features of bile acids. 


2. Chromatographic parameters 


The basic characteristic of the position of analytes spot on TLC chromatograms is the Ry 
value (retardaction factor). Ry value is the ratio of the path length that has crossed spot of 
solute from the start line Ss and path length Sy of the solvent front (Fig. 1). 


R,=-5 (1) 


If the solute spends more time in the mobile phase, then its chromatographic spot position is 
closer to the front of solvent and its Ry value is even higher (maximum value of the Ry 
parameter is 1). Whereas if the solute spends more time in the stationary phase, then the 
position of his spots closer to the start line, and its Ry value is less (Fig. 1 (a)). 


qd) (2) 


increase of lipophilicity 
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Figure 1. Chromatograms: (1) TLC with Ry values of the solute over their spots, (2) HPLC. 


The ratio of time spent by the solute in the stationary phase ts and the time by spend in the 
mobile phase tm is the capacitance factor. 


oe (2) 


The connection between Ry; values and capacitive factor has the equation: 


1 
jee (3) 
Ry 


The logarithm of the above expression is: 


Chromatographic Retention Parameters as Molecular 
Descriptors for Lipophilicity in QSA(P)R Studies of Bile Acid 


logk = log [z- ] (4) 
f 


and the retention parameter logk usually indicates with Rm. In the reverse phase thin layer 
chromatography, where the stationary phase is the hydrophobic environment, in the course 
of the chromatographic process chemical compounds that are more hydrophobic spend 
more time in the stationary phase than in the polar mobile phase, which resulting in less 
crossed paths of their chromatographic spots. Therefore, the more hydrophobic is solute its 
Ry value is more lower or its retention parameter Rm value is more higher. In reverse phase 
thin-layer chromatography for each compound is determined the dependence of the 
chromatographic parameters Rm of the volume fraction @ of organic modifier in aqueous 
mobile phase (i.e. for each of the tested compounds from one chromatographic experiment 
to another experiment varies of mobile phase volume fraction of organic modifier). The 
most common organic modifier is methanol. If increasing the volume fraction of the organic 
modifier in aqueous mobile phase results of decrease in hydrophobicity of mobile phase. 
This is manifested as the reduction of the difference between staying time of solute in the 
stationary and mobile phase during the chromatographic process — increased Ry values 
(decreasing value of Ru). Usually between the chromatographic parameters Ru and the 
volume fraction of organic modifier ¢ is linear relation (usually in the interval: 0.2 < d < 0.8) 
[3,6-8]. 


Ry = Ryo + SP (5) 


In the above equation Rwo is the extrapolated value of the chromatographic parameters Ru 
which is governed to the mobile phase contain only water (or buffered aqueous solution), 
i.e. mobile phase without an organic modifier, while S is the slope of the right (Fig. 2). S is 
directly related to the specific surface of the stationary phase. 


Ryo 


Figure 2. The linear dependence of Ru chromatographic parameters of volume of organic modifier @. 


Ruo parameters value depends on the type of organic modifier on the basis of which is 
determined by the function (1.5). Ro is usually in the good correlation of the compounds 
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lipophilicity. In recent times to describe the molecules lipophilicity also used the 
chromatographic parameters @o which is the ratio of Ruo and the slope S (Fig. 2) [7,8]. 


oy =e (6) 
° S| 

The chromatographic parameters do corresponding volume ratio of organic modifier in aqueous 
mobile phase in which the same amount of solute in the mobile phase and in the stationary 
phase. Indeed solute in the above mobile phase composition, during the chromatographic 
process, spends at the same time in the stationary phase and the mobile phase, therefore 
capacitive factor (2) is k = 1, respectively Ry value (3) is 0.5. This Ry values corresponding to Ru 
chromatographic parameter (4) whose value is zero. Which means that equation (5) is: 0=Ruo + 
Soo from which follows the expression (6). If the solute is more hydrophobic then a larger 
quantity of organic modifier is needed to equalize the amount of solute in two phases, i.e. the 
chromatographic parameter do has higher value. With a high efficient reverse phase liquid 
chromatography, stationary phase is also hydrophobic environment. Solute is characterized by 
retention time ts, which represents the elapsed time from injection to the occurrence of the same 
solute in detectors, i.e. the retention time of solute in the column. Chemical compounds in RP- 
HPLC analysis is usually characterized by the retention coefficient (capacity factor): 


pelo (7) 
fo 

where to is the retention time of solvent from the mobile phase (Fig. 1 (a)). If a chemical 
compound is more hydrophobic, then more time is spent in the hydrophobic stationary 
phase, i.e. it takes more time to pass the column and the retention time or retention factor 
even greater. The logarithm of the retention coefficient logk is used as a parameter of 
hydrophobicity of chemical compound. An important chromatographic parameter of 
lipophilicity is logkw which were obtained an extrapolation of the linear equations (8) to the 
zero volume fraction ¢ of organic modifier in aqueous mobile phase. 


logk =logk..+S@ (8) 
g gk, 


Similar as in the RP TLC analysis, in RP HPLC also can defined the chromatographic indices 
eo (with the same meaning) as the ratio of logkw and the slope from logk = f(#) [9,10]. 


9 n 
ED PCi1 PC2 PC3 
PCA » » 2 
~ ~ ~ 
solute D —> solute § + solute § + solute § 
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Figure 3. Application of principal component analysis on the retention data matrix D, n = number of 
different volume fraction of organic modifier, m = number of different compounds, n> 3. 
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There is a _ possibility of application principal component analysis (PCA) on 
chromatographic data to the thin layer and the liquid chromatography. PCA is applied to 
the data matrix D of retention parameters Ru, logk (or k). The columns of the matrix D 
corresponding retention parameters for different volume fraction @ of organic modifier 
(columns represent the organic modifier) while the matrix rows represent the different types 
of chemical compounds. PCA is usually applied directly on the covariance matrix D™D 
retention parameters. As a result of PCAs mathematical procedure (orthogonal 
diagonalization) are obtained orthonorms PC score vectors of whose number is 2 (PC1, PC2) 
or 3 (PCI, PC2, PC3), depending on the percentage of variance explained from the data 
matrix D. Accordingly objects (tested molecules) from a multidimensional space matrix of 
retention parameters D mapped to 2d or 3d space of PC. In the graphs of PC scores can be 
found congeneric group of chemical compounds by their lipophilicity. As a parameter of 
lipophilicity of chemical compounds in the QSA(P)R studies can be applied also to the 
scores of PC [3,6]. 


3. The hydrophobic effect 


Generally, the dissolution of an amphiphilic object in water is accompanied by the 
disruption of the hydrogen bonds between water molecules and formation of a hydration 
sheath (hydration layer) around the particles of the dissolved substance. If we observe such 
a system (amphiphilic solution), which consists of two subsystems: hydrophobic part (a) 
and hydrophilic part (b), then the thermodynamic functions can be considered separately 
for each subsystem (Fig. 4). For both subsystems it holds that in the formation of the 
solvation sheaths (around the amphiphilic objects) approximately the same number of 
hydrogen bonds are formed as existed between the water molecules in the bulk water, i.e. 
before introducing the amphiphilic object. Hence the change of the enthalpy for each of the 
subsystems is equal to zero: AH(a)=AH(b)=0. Also, in the formation of the solvation sheath, 
the entropy (translational and rotational) of both subsystems decreases, that is: 
AS(a)=AS(b)<0. However, the water molecules from the hydrophilic side (b) of the 
amphiphilic molecule form additional hydrogen bonds; hence for this subsystem there is an 
additional negative enthalpy (AH,<0), which is dissipated as heath in the environment (bulk 
of the solution), thus giving rise to a positive change of the entropy (of the environment). 
Therefore, the free enthalpy change for the hydrophilic subsystem is: AG(b)<0, on the basis 
of which the water molecules from the hydrophilic side (b) of the amphiphil can be denoted 
as stabilized water molecules (SWM), while the water molecules from the hydrophobic side 
(a) are nonstabilized water molecules (NSWM) [4,11]. 


The ratio of the hydrophilic-to-hydrophobic surface area of an amphiphilic molecule 
determines the overall change of the Gibbs energy of formation of the hydration sheath 
(AG), and, since the hydrophobic surface of the amphiphilic molecule is larger, then AG>0. 
The larger the amount of the amphiphil present in the solution, the more water molecules 
participate in the formation of the hydration sheath, and the more negative is the overall 
entropy change. This results in the changes in the system (solution) due to the passing of 
NSMW from the amphiphil hydration sheath to the bulk of the solution, giving rise to the 
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Figure 4. The hydrophobic effect: SWM = stabilised water molecules, NSWM = nonstabilised water 
molecules. 


system entropy. Amphiphilic molecules (ions) are oriented so that their (formally) 
desolvated hydrophobic sides are to the smallest extent exposed to water molecules. This is 
realized either in the form of self-association of the amphiphils via their hydrophobic 
surfaces (Fig. 4) (entropy decrease due to the amphiphil self-association is smaller than the 
increase in the entropy due to their release from the hydration layer) or by binding of the 
amphiphil to the hydrophobic surface of the system: hydrophobic stationary phase, 
proteins, distribution in the organic solvent, etc. [11]. Generally, the hydrophobicity of a 
particle (molecule, ion) can be expressed via the logarithm of the coefficient of its partition 
(logP) between 1-octanol and water (P stands for the ratio of the equilibrium concentration 
of the particle of the same electronic structure in 1-octanol and its equilibrium concentration 
in water). If logP > 1, the particle is hydrophobic (lipophilic), and if logP < 1, the particle is 
hydrophilic [12]. Apart from the partition coefficient, the hydrophobicity of a particle can be 
also expressed via chromatographic parameters, either of the normal-phase or reversed- 
phase chromatography. 


4. Structure of bile acids 


Bile acid enzymatic produced in the liver of human and other mammals are the primary bile 
acids, and their intestinal microbial transformation to obtain the secondary bile acids. Both 
groups of bile acids are hydroxy derivatives of 56-cholanic acid (cholic acid and 
chenodeoxycholic acid) [13]. The geometry of the 58-cholanic acid largely determines of bile 
acids properties. The steroid skeleton of 56-cholanic acid can be distinguished convex 8 and 
concave a surface (Fig. 5) [5]. 


Hydroxyl groups of bile acids are mostly oriented towards a side of steroid skeleton. X ray 
diffraction is demonstrated that the carboxyl group of the side chain from C17 carbon is also 
located on the a side of the steroid ring system. A concave (a) of bile acids steroid 
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Figure 5. The bile acids general structure. 


skeleton is the polar surface — hydrophilic side, while the convex surface (8) is the nonpolar 
surface — hydrophobic side. Simultaneous presence of hydrophobic and hydrophilic regions 
in the molecule of bile acids is named as amphiphilic. Since the carboxyl group ionized 
under physiological conditions, bile acids in biochemical systems belong to the ionic 
amphiphile. Also, bile acids are a special group of amphiphilic compounds, the group of 
biplanar molecules [4.5]. This is most apparent in cholic acid molecules (Fig. 6) because the 
molecules oxygen atoms from the a OH groups are in the same plane, the polar plane. In 
chenodeoxycholic and deoxycholic acid cannot be talking about the true planar polarity, but 
the literature often uses the term molecule with a hydrophilic edge. 


If it oxidation of C7 or C12 a axial hydroxy group in cholic acid (C) (or deoxycolic acid (DC) 
or chenodeocycholic acid (CDC)) molecule leads to oxo derivative whose oxigen atom is 
switched for 60° (Newman projection) in relation to its' starting axial orientation i.e forms an 
angle of 30° with steroid skeleton mean plain (SSMP) (Newman projection, Fig. 7) [11,14]. 
Oxigen atom from C7 or C12 oxo group has the same steric orientation as has the equatorial 
C6 OH group from hyodeoxycholic acid (HDA). 


Convergence of oxigen core (from oxo group) toward steroid sceleton 6 side means that 
there is the rise in number of stabilised water molecules (SWM, stabilised by hydrogen 
bonds) in hydratation layer of bile acids’ steroid sceleton while hydrophobic surface of the 
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Figure 7. Introduction of oxo group in bile acids' steroid sceleton leads to rise in number of stabilised 
water molecules (SWM) i.e. the hydrophobic £ side of the steroid sceleton decreases. 


convex side of the steroid sceleton decreases (Fig. 7). Thus, the number of unstabilised water 
molecules (NSWM) declines [11]. 


BA[NSWM J...) = BA, +nNSWM (R1) 


If bile acids' hydrophobic surface deceases (B), i.e. the number of NSWM is lower, the 
observed molecule bonds to the hydrophobic stationary phase with lower intensity, i.e. 
reaction (R1) is moved to the right. This change in hydrophobic surface reflects in the values 
of retention coefficient k (RPHPLC) and retention parameter Ro (RPTLC). 


5. Discussion: bile acids and the hromatographic parametars (indices) 


In the RPHPLC(TLC), there is an equilibrium between the bile acid molecules (ions) from 
the polar mobile phase BA@s and the bile acid BA adsorbed on the hydrophobic stationary 
phase. 


Big (ee) 
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This equilibrium is characterized by the equilibrium constant Ka = [BAw] / [BA@], which is 
connected with the retention factor (capacity factor) (7) via the following relation [15]: 


Kaa ne 


aay 
pf 


=K,e (9) 


where Vic represents the volume of hydrocarbon in the stationary phase, whereas Vy is the 
volume of the polar phase. Their ratio is denoted as @, and it represents a characteristic of 
the column. The change of the standard Gibbs energy AG;,, of the reaction (R2), taking also 
into account (9), is: 


AG?, =-RTInK,, =-RTInk +RTIng (10) 


In both RPHPLC and RPTLC, in the adsorption of bile acids on the hydrophobic stationary 
phase, the water molecules from the solvation sheath that are not stabilized by hydrogen 
bonds (NSWM) pass to the hydrophilic mobile phase, giving a positive entropy 
contribution. Beside that, during the return of these water molecules in the bulk solution, 
NSWMs surface energy is released, which is then dissipated as a heat in the environment 
(solvophobic theory: according to this theory change in surface energy is a key factor in the 
reversed phase chromatographic processes energy). The formally dehydrated hydrophobic 
surfaces of bile acid molecules (ions) bind to the surface of the adsorbent by hydrophobic 
interactions (London dispersion forces, and dipol-induced dipole interactions). This makes a 
negative enthalpic contribution to the adsorption process, which is also dissipated as heat 
into the mobile phase (environment), giving rise to a positive change of the entropy of the 
environment. 


Hence, the overall entropy change is positive, i.e. the Gibbs energy is lowered. The decrease 
in the free enthalpy of adsorption (AwG*) of bile acids (molecules or ions) on the 
hydrophobic stationary phase is more pronounced if the solvation layer of the steroid 
skeleton contains a greater number of NSWM, since then, there exists a largest increase in 
the overall entropy. In the binding of bile acids (molecules or ions) to the hydrophobic 
stationary phase, their steroid skeletons orient in such a way that the formally desolvated 
surfaces are to the smallest possible extent exposed to the solvent molecules from the 
hydrophilic mobile phase (methanol and water). Since bile acids are biplanar compounds, 
their molecules bind to the hydrophobic stationary phase by the side of the steroid skeleton 
that is most hydrophobic. With natural bile acids and their oxo derivatives, this is usually 
the convex f side of the steroid skeleton (an exception is the enantiomer of cholic acid with 
8 configurations of all three OH groups, where a side is more hydrophobic than the £ side 
of the steroid skeleton). Thus, the Ink chromatographic parameter has the liner dependence 
of AwG*, which means that Ink has also linear depending on the hydrophobic surface of the 
B side of steroid nucleus. Similar is true for Rm chromatographic parameter (RPTLC). 
Therefore, Ink could serve as a molecular descriptor for the hydrophobicity of bile acids. But 
the studies dealing with the hydrophobicity of bile acids as expressed via the retention 
coefficients (k), there is a problem of mutual comparability of the Ink values. Because of that 
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it is usually accustomed to give an order of hydrophobicity of the molecules, while the Ink 
values, though determined under identical experimental conditions, may vary because of 
the characteristic of the column (RPHPLC), which is in equation (9) denoted with ¢. Because 
of that, Heuman introduced for bile acids a relative retention coefficient (kr) which is defined 
as the ratio of the retention coefficient of the given bile acid (k(BA)) and the retention 
coefficient of taurocholic acid (TC) (k(TC)) (Fig. 8) [16]. 


_ K(BA) 


Eea)= k(TC) 


(11) 
Taurocholic acid (37) was chosen as a reference because its retention coefficient in the pH 
range of the mobile phase from 2.9 to 9.0 is practically constant (complete ionization) [16]. 
By combining equations (10) and (11), the free enthalpy of adsorpion of bile acid (BA) on the 
hydrophobic stationary phase is: 


AG, (BA) =-RT Ink, (BA) + AG, (TC) (12) 


In this way are eliminated the individual characteristics of the column, so that the relative 
retention coefficient depends only on the composition of the mobile phase and the degree of 
hydrophobicity of the stationary phase. 
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Figure 8. Tauro conjugated bile acids. 


Besides, Heuman defined also the hydrophobicity index HI as the ratio of the logarithm of 
the relative retention coefficient of the given bile acid (BA) and of the relative retention 
coefficient of taurolithocholic acid (TL) (Ink(TL)) (Fig. 7): 


Ink,(BA) 


as aay TCD) 


(13) 


By introducing equation (13) into (12), one obtains the following equation: 
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AG}, (BA) = HI(BA) x (-RT Ink,(TL)) + AG%, (TC) (14) 


from which is evident that there is a linear relation between the hydrophobicity index of a 
bile acid and the Gibbs energy of adsorption on the hydrophobic stationary phase. 


The HI value for taurocholic acid (TC) is zero since its relative retention coefficient equation 
(11) is equal to one, and the same value (one) holds also for taurolithocholic acid (TL). If a 
certain bile acid is more hydrophilic than taurocholic acid (TC), its retention constant (k) is 
smaller than the k value of taurocholic acid (TC), so that the relative retention coefficient of 
that bile acid is smaller than unity (Ink<0), which means that, according to equation (13), the 
HI(BA) is negative. In the opposite case, if a certain bile acid is more hydrophobic than 
taurocholic acid (TC), then the value of its retention coefficient is greater than the retention 
coefficient of taurochollic acd (37), and the relative retention coefficient for that bile acid is 
larger than unity (Ink>0), that is HI>0 (Fig. 9). 
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Figure 9. Heumans scale of bile acids hydrophobicity. 


Besides of Heumans hydrophobic index (based on data retention) logk is used to obtain 
predictive equations where logk is the independent variable while bile acid properties 
associated with its hydrophobicity is the dependent variable. Armstrong and Carey were 
given a linear regression equation, where logk is associated with the solubilized molar 
fraction of cholesterol 9 (solubilized by micellar solutions of bile acid salts in the 
equilibrium conditions) [17]: 


log k = Slog #—const. (15) 


In the plane of § and logk is obtained of three linear congeneric groups of examined bile 
acids, a particular group form the non-conjugated bile acids, whereas the glyco- and tauro- 
conjugated bile acids are also in separate groups. For each of the derived linear congeneric 
group is determined equation (15) whose regression coefficients (R) is range in 0993-0999. 
Armstrong and Carey were predicted the capacity of cholesterol solubilization by bile acids 
oxo derivatives using the equations (15) for each congeneric group of bile acid [17]. It can be 
shown that logk is indeed associated with a number of hydration layers non-stabilized water 
molecules ny.,,, from B side of steroid skeleton: 


dlink 
——— =n M 16 
Arges) SHIH - 
where ®m,,,-, is the product of the osmotic coefficient and the molality of NaCl, and M H,O 
is the molecular weight of water [11]. Therefore with the increasing of the number of the a 
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axial OH groups which is replacement with equatorial OHs or oxo groups resulting in a 
decrease of NSWM number from the hydratation shell of bile acids, which are then reflected 
in the increase of logk values i.e. increasing hydrophobicity of bile acids. However, the 
cholesterol solubilization depends on the size of hydrophobic domain of micelles, which 
depends on the hydrophobic surface of the 6 side of steroid nucleus, that’s all mean that the 
logk adequately describes of cholesterol (or any other hydrophobic guest molecules) 
solubilization. However it should be noted that the use of logk as molecular descriptors, logk 
for each molecule, as the molecules from teaching set and as the molecules from the control 
set must be obtained in an identical column. Contrary to the different values of @ (9) 
increases the error of prediction. 


OH 


Figure 10. Micellar solubilization of cholesterol: cholesterol is in the contact with the hydrophobic 
surfaces of 6 side of bile acids steroid skeleton. 


Natalini et al. as an experimental molecular descriptor used chromatographic parameter do 
(6) for modeling the negative logarithm of the critical micellar concentration (pCMC = - 
logCMC) [9,10]. The study was included 20 non-conjugated and conjugated bile acids. For 
the full set of bile acids were obtained following linear regression equation: 


pCMC = 3.85q, — 0.82 (17) 


R= 0.8246 


Regression coefficient is improved if the equations of linear regression obtained separately 
for conjugated (18) and for non-conjugated bile acids (19): 


pCMC = 4.789, - 1.57 (18) 


R= 0.9643 
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pCMC = 1.059, +1.32 (19) 


R = 0.9380 


Equations (18) and (19) have a good predictiveness in their congeneric groups, also with do 
is well described hydrophobicity of the bile acids steroid skeleton 6 side. The mutual 
association of bile acid salts, especially around the first critical micellar concentration, which 
is through to their hydrophobic B side of steroid skeleton (Fig. 11) indicated that the 
chromatographic parameter do adequately be used to predict its critical micellar 
concentration. Advantages of chromatographic parameters do (6) with respect to the 
parameters Rwo (5) and logkw (8) is reflected in the absence of appropriate extrapolation of 
retention coefficients. Extrapolation error can be large if the linear area of equations (5) and 
(8) are away from the mobile phase without an organic modifier. 
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Figure 11. Dimeric micelles of cholic acids anion. 


Sarbu et al. in RPTLC experiments examined which chromatographic parameter the best 
describes the hydrophobicity of bile acids. In the studied bile acids (Table 1) between Rao 
parameter and the slope S (Equation 5) there is a good correlation, suggesting the presence 
of congeneric groups among chemical compounds in the tested assembly [3]. 


Bile acids Abbreviation Position and orientation of OHs 
Lithocholic acid LC 3a 
Deoxycholic acid DC 3a, 12a 
Chenodeoxycholic acid CDC 3a, 7a 
Ursodeoxycholic acid UDC 3a, 7B 
Hyodeoxycholic acid HDC 3a, 6a 
Hyocholic acid HC 3a, 6a, 7X 
Cholic acid Cc 3a, 7a, 120 
Glycolithocholic acid GLC 3a 
Taurolithocholic acid TLC 3a 
Glycochenodeoxycholic acid GCDC 3a, 70 
Taurochenodeoxycholic acid TCDC 3a, 74 
Glycodeoxycholic acid GDC 3a, 12a 
Taurodeoxycholic acid TDC 3a, 12a 
Glycocholic acid GC 3a, 7a, 120 
Taurocholic acid TC 3a, 7a, 120 


Table 1. Studied bile acids 
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Application of PCA on the matrix of Ru values (D) of the studied bile acids are obtained 
space of principal components with smaller dimensions then matrix D. Screen plot showed 
that the significant first and second principal components (PC1 and PC2) that explained 
99.75% of variance in the starting matrix of retention parameters. Bartlett’s statistic shows 
that PC1, PC2 and PC3 are significant which explained of 99.92% of the total variance. In the 
set of studied bile acids (Table 1) there is a good correlation between Ruo chromatographic 
parameters and scores of PC1: 


Ryo = 5.379 — 2.624PC1 (20) 
= - 0.9203 
PC1 PC2 PC3 Rodas data: 
Compound Rmo 
scores logPua logPxHa 
1 LC 5.33 0.195 0.122 0.080 
2 DC 4.78 0.346 0.179 0.111 3.50 2.65 
3 CDC 5.01 0.340 0.177 0.082 3.28 2.25 
4 UDC 3.65 0.545 0.226 0.114 3.00 2.20 
5 HDC 3.88 0.488 0.208 0.110 3.08 2.28 
6 HC 3.66 0.559 0.229 0.107 2.80 1.84 
7 C 3.84 0.533 0.217 0.105 2.02 1.10 
8 GLC 3.39 0.674 0.246 0.119 
9 TLC 2.12 1.000 0.249 0.077 
10 GCDC 2.87 0.819 0.237 0.088 2.12 0.45 
11 TCDC 2:24; 1.249 0.194 0.082 
12 GDC 2.90 0.850 0.247 0.087 2.25 0.80 
13 TDC 2.30 1.165 0.191 0.090 
14 GC 2.30 1.102 0.186 0.090 1.65 -0.40 
15 TC 2.29 1.524 0.137 0.125 


Table 2. Chromatographic parameters 


Sarbu for assessing whether Rwo or score of PC adequate to describe lipophilicity of bile 
acids using the experimental data of particion coefficients between 1-octanol and water of 
bile acids in molecular (HA) and ionized (A) forms. Between the logarithm partition 
coefficients and chromatographic parameters on the basis of Table 1 are obtained by the 
following equation of linear regression: 


log P,,4 = 0-366 + 0.620R yo (21) 
R = 0.8559 


log P, =—2.255+1.017R,,, (22) 
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R=0.8751 

log P,,4 = 3.995 —2.195PC1 (23) 
R =0.8675 

log P, =3.824 —3.807 PC1 (24) 
R =0.9379 

log P;;, = 4.407 — 2.122 PC1— 2.168 PC2 (25) 
R=0.8715 

log P, =3.387 —3.885PC1 + 2.290PC2 (26) 
R=0.9395 


Linear regression equations (23 and 24) in which the chromatographic parameter Ro 
replaced with a score of PC1 has correlation coefficients with larger values compared to the 
equations (21 and 23). Correlation coefficient is slightly increased in the multiple linear 
regression equation for logP (molecular and ionized form) when the equations involved 
scores of PC1 and PC2. Increasing the coefficient of correlation in the above equations can 
be explained with Wolds assumption according to which measurement errors are 
contained in the principal components with small eigenvalues, so the scores of PC1 is 
purified from the errors. In Fig. 12 bile acids are shown from the Table 2 in the plane of the 
scores of principal components. It can be seen to form three linear congeneric groups: non- 
conjugated bile acids (BA), glyco-conjugate (G-BA) and tauro-conjugated (T-BA). 
Grouping of bile acids on the basis of the scores of PC as the appropriate regression 
equation for logP (from 23 to 26), indicating that the PC1 scores is adequate replacement 
for Ruo chromatographic parameters to describe the lipophilicity (hydrophobicity) of bile 
acids, namely the scores of PC1 can be used as molecular descriptors for hydrophobicity of 
the steroid skeleton 6 (bile acids). 


If increase the set of bile acids from Table 1 by including oxo and acetoxy derivatives, Rao 
chromatographic parameter also included in the multiple linear regressions for the logPHa 
and the logPa with molecular descriptors such as polarizability and molar specific sum of 
absolute values of the charges on each atom of the molecule (electronic parameter), 
molecular volume, the third order of the connectivity index and Wiener index (shape 
parameter). Based on the loadings of PC can be concluded that Rwo carries different 
information about the structure of the studied bile acids than the above in silico molecular 
descriptors [6]. 


Effect of temperature on the chromatographic process in reverse phase chromatography can 
also be applied to obtain chromatographic parameters that have properties of molecular 
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Figure 12. Sore of PC: bile acids from Table 1. 


descriptors [15]. Namely, the reaction (R2) is exothermic (Ha <0), then based on the van' t 
Hoff equation, the equilibrium constant of reaction (R2) decreases 


dinK,, dH, 
dT RT? 


(27) 


This means that the retention factor k (9) also decreases. Thus, the increase in temperature 
has the same effect on the value of k as there are increasing the volume fraction of organic 
modifier in aqueous mobile phase (reversed phase chromatography). In the experiment, the 
influence of temperature with an the retention factor at constant mobile phase included 25 
different bile acids (conjugated and non-conjugated) (Table 3) [18]. 


For each tested bile acids between retention factor k and temperature ¢ there is a linear relation: 


k=a+bt (28) 


The linear model (28) explains from 96% to 99% of the variance at tested bile acids (Table 4). In 
the set of the studied bile acids (Table 3) between the parameters of equation (28) (a and b) there 
is a good correlation, indicating the formation of congeneric groups in the plane of a and b: 


a = 0.7683 + 58.8522b (29) 


R=0.9996 
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Bile acids Abbreviation Position and orientation of OH 
and oxo groups 
Lithocholic acid LC 3a-OH 
Deoxycholic acid DC 3a-OH, 12a-OH 
Chenodeoxycholic acid CDC 3a-OH, 7a-OH 
Cholic acid C 3a-OH, 7a-OH, 12a-OH 
Ursodeoxycholic acid UDC 3a-OH, 7B-OH 
Hyodeoxycholic acid HDC 3a-OH, 6a-OH 
Hyocholic acid HC 3a-OH, 6a-OH, 7a-OH 
Glycochenodeoxycholic acid GCDC 3a-OH, 7a-OH 
Taurodeoxycholic acid TDC 3a-OH, 12a-OH 
Glycocholic acid GC 3a-OH, 7a-OH, 12a-OH 
Glycodeoxycholic acid GDC 3a-OH, 12a-OH 
Taurolithocholic acid TLC 3a-OH 
Taurochenodeoxycholic acid TCDC 3a-OH, 7a-OH 
Glycolithocholic acid GLC 3a-OH 
12-Monoketocholic acid 12-MKC 3a-OH, 7a-OH, 12a-Oxo 
7-Monoketocholic acid 7-MKC 3a-OH, 7a-Oxo, 120-OH 
7,12-Diketocholic acid 7,12-DKC 3a-OH, 7a-Oxo, 12a-Oxo 
3,7-Diketocholic acid 3,7-DKC 3a-Oxo, 7a-Oxo, 12a-OH 
3,12-Diketocholic acid 3,12-DKC 3a-Oxo, 7a-OH, 12a-Oxo 
Dehydrocholic acid TKC 3a-Oxo, 7a-Oxo, 12a-Oxo 
12-Monoketodeoxycholic acid 12-MKD 3a-OH, 12a-Oxo 
Diketodeoxycholic acid DKD 3a-Oxo, 12a-Oxo 
7-Monoketochenodeoxycholic acid 7-MKCD 3a-OH, 7a-Oxo 
Diketochenodeoxycholic acid DKCD 3a-Oxo, 7A-Oxo 
6-Monoketohyodeoxycholic acid 6-MKHD 3a-OH, 6a-Oxo 


Table 3. Tested bile acids in the experiment the influence of temperature on the values of retention 
factor k 


Fig. 13 shows that the tested bile acids in the plane of parameters of equation (23) formed by 
three congeneric groups. The first group (I) formed by bile acids with oxo groups in the 
steroid nucleus and the bile acids that in addition to C3 have one more equatorial OH 
groups. The a equatorial OH groups have the same position relative to the steroid skeleton 
mean plane such have the a oxo groups. However, in this group also includes the cholic 
acid and the glycocholic acid which is structurally not fit into the above mentioned group. 
The second group (II) formed deoxycholic acid and chenodeoxycholic acid with its 
conjugates. The third group (III) forms lithocholic acid and its conjugates. Question may 
arise as whether can be improved with grouping of bile acid gained by in the plane of a and 
b, especially in terms of group I which provides the vendor cholic acid? The answer may be 
the application of methods of principal components of the matrix of the data of retention 
factor dependence on temperature. The first principal component (PC1) explains 99.99715% 
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of variance in the starting data matrix, while the remaining variance explained by PC2. In 
Table 4 presents the scores of principal components of bile acids studied. 


Compound a b R? = ne 
score 
1 LC 43.0501 0.7200 0.9879 5.37637 0.023150 
2 DC 21.8893 0.3518 0.9906 1.79015 -0.051081 
3 CDC 18.4260 0.3021 0.9807 1.05575 0.020646 
4 C 8.4873 0.1319 0.9828 -0.66245 0.016292 
5 UDC 4.4884 0.0680 0.9843 -1.40668 0.031446 
6 HDC 5.6203 0.0804 0.9538 -1.11512 -0.034642 
7 HC 5.5477 0.0864 0.9836 -1.23205 0.041543 
8 GCDC 16.6862 0.2651 0.9946 0.85970 -0.024730 
9 TDC 19.5503 0.3165 0.9802 1.30724 -0.001736 
10 GC 7.8569 0.1213 0.9841 -0.77443 0.014749 
11 GDC 20.6286 0.3336 0.9786 1.51098 -0.012582 
12 TLC 39.1628 0.6544 0.9728 4.65836 0.029036 
13 TCDC 16.3808 0.2671 0.9796 0.70668 0.007651 
14 GLC 41.1016 0.6926 0.9750 4.95053 0.026326 
15 12-MKC 3.1340 0.0402 0.9704 -1.58139 -0.004996 
16 7-MKC 2.8202 0.0353 0.9676 -1.64238 -0.002356 
17 7,12-DKC 0.7141 0.0078 0.9769 -2.12906 0.056420 
18 3,7-DKC 0.6100 0.0054 0.9974 -2.11715 0.056756 
19 3,12-DKC 0.6237 0.0060 0.9752 -2.12981 0.056122 
20 TKC 0.5042 0.0056 0.9738 -2.17086 0.066570 
21 12-MKD 7.7659 0.1040 0.9652 -0.57871 -0.116428 
22 DKD 4.1490 0.0511 0.9681 -1.32315 -0.048688 
23 7-MKCD 6.1746 0.0817 0.9665 -0.91824 -0.078586 
24 DKCD 3.4944 0.0423 0.9704 -1.46618 -0.031508 
25 6-MKHD 6.3614 0.0913 0.9667 -0.96809 -0.039373 


Table 4. The parameters of the linear model (28) and scores of principal components 
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Figure 13. Grouping the bile (Table 4) acid on the basis of linear regression parameters of the retention 
factor temperatures dependence. 


In the plane of principal component scores are obtained by analogous groups such as Fig. 
14. However in the group I the oxo derivatives and the derivatives with a equatorial OH 
groups forming linear congeneric group, while based on Cooks distance cholic acid and 
glycocholic acid may be considered as outliners. With loadings of principal component can 
be determined by mutual correlation of different in silico descriptors (topological and 
electronic) and obtained experimental descriptors a, b, and PC1 on the set of 25 bile acids 
(Table 4). It may be concluded that chromatographic parameters a and PC1 are more or less 
orthogonal to most topological descriptors (Winers index, Balabans index, shape attributes, 
konectivities, etc.), while PC1 and a are mutually parallel so that explain the same structural 
characteristics of bile acids. Namely, as flat molecules nitrazepan guest molecule is 
incorporated in the hydrophobic domain of micelles. Therefore, if the B side of bile acids 
steroid skeleton more hydrophobic then nitrazepans partition coefficient has a higher value. 
Using the method of partial least square (PLS) regression equation was obtained for the 
nitrazepans partition coefficients in which experimentally determined variables a and PC1 
are the most significant with respect to in silico descriptors. Which means that PC1 and a can 
be used as molecular descriptors of bile acids lipophilicity, and that the temperature 
dependence of retention factors may obtain information regarding the structure of bile acids 


(lipophilicity). 
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Figure 14. Grouping of bile acids (Table 4) based on the scores of principal component. 


6. Conclusions 


Chromatographic data (parameters) can be used for prediction of following feaatures of bile 
acids: 


Critical Micellar Concentration 

Haematolityc potentitial 

Binding for Albumin 

Solubilization of cholesterol, lecitin, vitamin E etc. 

Mixed micelles parameters (for example partition coefficient of nitrazepan in bile acids' 
micelles) 


Application of retention parameters for prediction of bile acids' properties is convenient for 
finding the size of the starting set of molecules. If the set is too small (less than ten 
molecules), by using in silico descriptors multiple regression equations are obtained which 
are overfitted, while by using chromatographic parameters that posses appropriate 
structural informations about bile acids, simple linear equations are derived with acceptable 


predictive power. 
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1. Introduction 


Gas chromatography is widely used for determining thermodynamic properties of pure 
substances or solvent properties of binary mixtures. From retention data, the solute activity 
coefficient at infinite dilution, the gas-liquid partition coefficient and others thermodynamic 
properties of mixing can be easily obtained. Using these parameters and appropriate models 
allows understanding of the intermolecular interactions responsible for solvation in the 
stationary phase [1-2]. The solvation parameter model is now well established as a useful tool 
for obtaining quantitative structure-property relationships for chemical, biomedical and 
environmental processes. The model correlates a free-energy related property of a system to 
six free-energy derived descriptors describing molecular properties. The ultimate goal is to 
establish a suitable quantitative structure-property relationship (QSPR) to facilitate the 
prediction of further system properties for compounds lacking experimental values. Two 
broad strategies are generally employed in QSPR studies. The first approach is based on 
theoretical descriptors. The advantage of using the QSPR approach based on theoretical 
descriptors is that all of the necessary parameters for prediction can be calculated purely from 
the three-dimensional representation of the molecular structure of each of the compounds of 
the mixtures, including mixtures of chemically diverse compounds [3-4]. The main weakness 
of this approach is that the selected descriptors may be difficult to understand and the models 
may lack obvious chemical significance. The second approach is based on descriptors 
determined using experimental technique such as gas chromatography. 


In this review, we will present the different possibility of using chromatographic methods to 
facilitate the rapid and convenient measurement of the LSER model presentsed in reference 
[5]. An application of the LSER model on ionic liquids will be presented. The last paragraph 
will be focused on the use of the LSER model coupled to a group contribution model for the 
estimation of the partition coefficient of organic compounds in ionic liquids. 
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2. Solvation models used in gas chromatography 
2.1. Linear solvation energy relationship 


In numerous solvation models, the partition of a solute between the gas phase and a solvent 
(or stationary phase) may be described by a cavity theory of solution [6-7] in which the 
solvation process is divided into three steps. In the step 1, a cavity of suitable size to 
accommodate the solute is created in the solvent. This process is endoergic because work is 
required to disrupt solvent-solvent interactions. In the second step, the solvent molecules 
around the cavity are reorganized from their original positions to the positions they will 
adopt when the solute is in equilibrium with the solvent. Of course, these positions are not 
fixed but are averages of solvent positions. The Gibbs energy change for such reorganization 
is assumed to be negligible, by analogy with the melting of a solid. However, enthalpy and 
entropy changes in reorganizations may be large, again by analogy with the melting of a 
solid. In the last step, the solute is introduced into the reorganized cavity, and various 
solute-solvent interactions are set up, all of which are exoergic. 


Several thermodynamic properties are related to partitioning between water and other 
phases, for example octanol (Kow) or the pure compound itself (water solubility). These 
partitioning processes can be understood from thermodynamic concepts—like free energy, 
chemical potential and fugacity. The equilibrium partition constant between two phases, on 
a mole fraction basis, can be expressed as: 


Kj 42 =exp(—Aq2G; / RT) (1) 


where A12Gi is the Gibbs energy (or free energy) of transfer between the two phases, R is the 
general gas constant and T is the absolute temperature. The Gibbs energy sums up both the 
enthalpic (Aj2H) and entropic (AiS) effects resulting from changes in intermolecular 
interactions: 


AG; = AygH, — TAq)S; (2) 


The calculation of partitioning from structural or other descriptors therefore requires the 
modelling of these effects. The Gibbs energy change can also be separated into the 
contributions of van der Waals and polar interactions, assuming that these are additive: 


AyG; = AG," + AyGPo™ (3) 


In the early 1980's, Taft & Kamlet [8-12] have developed the basic concept of linear solvation 
energy relationships (LSERs). They have demonstrated for thousands of chemical systems 
that some property which is linearly related to either a free energy of reaction, a free energy 
of transfer, or an activation energy can be correlated with various fundamental molecular 
properties of the solvents or solutes involved. Chromatographic retention and in particular 
logarithmic retention factors (log k’), logarithmic partition coefficients (logKt) are linear free 
energy parameters and as such one can linearly correlate these data with the molecular 
properties of the solutes using the LSER model [13-16]. 
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Cavity formation Interactions 
Solute-Solvant 


Insertion of 
the solute 


Figure 1. Model of the solvation process. 


The most recent representation of the LSER model proposed by Abraham and coworkers [5, 
17-19] is given by equation (4) 


logSP =c+r-Ro rs-mbf+a-Datl+b- ph +1-Logr!® (4) 


Where SP is a solvation parameter related with the free energy change such as gas-liquid 
partition coefficient, specific retention volume or adjusted retention time at a given 
temperature. The capital letters represent the solutes properties and the lower case letters 
the complementary properties of the stationary phase. The solute descriptors are the excess 
molar refraction R2z, dipolarity/ polarizability a , hydrogen bond acidity basicity, Yai! 
and > ps , respectively, and the gas-liquid partition coefficient on n-hexadecane at 298 K, 
LogL!*. The solute descriptors may be determined using inverse gas chromatography or 
estimated using a group contribution method. A databank of descriptors for about 3000 
compounds may be found in the literature [2, 20, 21]. The coefficients c, e, s, a, b and I are not 
simply fitting coefficients, but they reflect complementary properties of the solvent phase. 
These coefficients are determined by mutiple linear regression of equation (4). This model 
was strongly applied to characterize chemicals products, petroleum fluids. 


2.2. Determination of LSER parameters of pure solutes 
2.2.1. Determination of Log L's 


To preserve the general character of equation (4), all characteristic parameters should be 
carefully determined and correlation between parameters should be avoided. Experimental 
procedures of successive determination of LSER parameters were described in the literature 
[20, 22-24]. Log L'® characterizes the most general interactions present in every physical 
system and should be determined before other parameters [24]. The original values of log 
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L!6 were determined from retention data of organic compounds on n-hexadecane coated 
packed columns at 298.2 K [5]. A number of papers proposed techniques based on the use of 
either capillary or packed columns in wide temperature ranges and replacing the n- 
hexadecane with other non-polar stationary phases. The gas liquid partition coefficient of a 
solute is directly related to the experimental capacity factor, k, by equation: 


Vu _k 
Vg © 


L=k (5) 


where Vm and Vs are the volumes of the mobile and stationary phases, respectively, and ® is 
the phase ratio (Vs/ Vm). Experimental determination of log L'® is often very difficult. 
Adsorption phenomena introduce an important error in determination of the capacity 
factor. Zhang et al. [23] determined log L'° with capillary columns coated with n-hexadecane 
and concluded that results were not influenced by adsorption in this case. However, recent 
results presented in reference [25] showed that this improvement is not general and that an 
interfacial adsorption still exists with capillary columns. Moreover, it is very difficult to 
obtain absolute retention data using this technique. Li et al. [24] and Abraham et al. [25] 
studied influence of the solute support and of the stationary phase loading on adsorption 
phenomena. They concluded that the high loading ratio (up to 20 %) of the stationary phase 
and the high temperature of the column allow to reduce adsorption. In this case, the 
knowledge of R2, vat! and x35! parameters is necessary. The number and the nature of 
parameters needed for calculation depend on the stationary phase used. 


Serious difficulties arise when log L?¢ of non-volatile compounds is to be measured. This is 
due to the definition of log L'* itself. Indeed, direct experimental determination of log L"* of 
compounds less volatile than n-hexadecane is impossible. In the case of heavy compounds 
slightly more volatile than n-hexadecane the experiment is possible but difficult, especially 
at 298.2 K. Often it is recommended to measure retention times at higher temperatures and 
then extrapolate partition coefficients to the ambient temperature. In this case, the quality of 
results depends strongly on the extrapolation method used. The problem of the temperature 
dependence of retention times was often discussed in literature. A suitable extrapolation 
procedure was described in reference [26]. In the case of compounds less volatile than n- 
hexadecane several authors proposed to work with columns coated with long chain 
branched paraffins and to establish relationships between corresponding partition 
coefficients and log L!¢ [16, 26]. Defayes et al. [26] worked with apolane coated stationary 
phase (apolane is a Cs7Hi7 branched alkane). This column can be used at temperatures up to 
550 K without a weight loss of the stationary phase. Moreover, it was shown that the effect 
of adsorption at the liquid-gas interface is negligible in this case [26]. However, this opinion 
is not generally accepted and Werckwerth et al. [16] found the influence of adsorption in the 
case of strongly polar compounds. The same authors observed that a linear relationship 
exists between gas-apolane partition coefficients, log L*°” and log L'® and that the data 
obtained with apolane can be used to estimate the value of log L!*. Moreover, they 
demonstrated that strong correlation between both partition coefficients exists also for log 
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L*” determined at significantly higher temperature [16]. Recently, several authors 
investigated the use of predictive methods to estimate log L'® [27, 28]. This approach is 
particularly interesting to determine the log L!° of nonvolatile compounds. 


2.2.2. Determination of LogL" using capillary columns 


A direct determination of the stationary phase mass is difficult in the case of capillary or 
Megabore columns and the use of relative methods to determine partition coefficient from 
retention data is often preferred. In this case, different approaches were proposed to 
calculate partition coefficient based on the well-established value of log Ln-hexane [23]. 
Corresponding equation is as follows: 


tRx -—tm 


n—hexane t = 
R,n-hexane “™ 


Ly =L (6) 
where tr and tm are the solute retention time and the dead time of the column respectively. 
Retention data of the solute X and of n-hexane should be determined at the same 
temperature. Available data of log Ln-hexane on apolane were determined at 312.4 K [16]. 
On the other hand, it was shown that partition coefficients determined at two temperatures 
are linearly correlated [16]. 


log by =alog ie +b (7) 


New relationship can be established between the partition coefficient of the solute X at 
temperature T and the partition coefficient of the n-hexane at temperature T’. This 
relationship is based on the observation verified with several n-paraffin stationary phases 
that equation (7) for one stationary phase is reduced to the following form: 


log Lf =log L4 +b (8) 


Equations (6) and (8) lead to relationship between the partition coefficient at temperature T 
of the solute X and the partition coefficient of n-hexane determined at temperature T’: 


t —t 
RX ‘m 
(Lx)7 =(Ly-hexane)T * t = (9) 
R,n—hexane ~ “™ }r' 


Apolane coated capillary columns are considered as an appropriate tool to determine log L!° 
of heavy compounds. Studies of Defayes et al. [26] and Werckwerth et al. [16] provided 
arguments supporting this opinion. As it can be seen in Table 1, results obtained with a 
similar but deactivated column are in good agreement with literature. Chromatographic 
peaks obtained with non-polar and polar compounds were symmetric. While this method 
gave good results at high temperatures, the column was deactivated irreversibly within few 
hours. A probable explanation of this phenomenon is that the adhesion between apolane 
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Compounds log L162 log L!xp_ Compounds log L164 log L!6exp 
n-Hexane 2.668 2.660 Triethylamine 3.040 2.947 
n-Octane 3.677 3.670 1-Butanol 2.539 2.545 
n-Nonane 4.182 4.180 1-Pentanol 3.106 3.094 
n-Decane 4.685 4.686 1-Octanol 4.569 4.556 
n-Undecane 5.191 5.189 1-Decanol 5.628 5.631 
n-Dodecane 5.696 5.699 Butanone 2.287 2.274 
n-Tridecane 6.200 6.198 2-Pentanone 2.755 2.758 
n-Tetradecane 6.705 6.701 Pyridine 3.022 3.033 
n-Pentadecane 7.209 7.205 Thiophene 2.819 2.809 
n-Hexadecane 7.714 7.711 Naphthalene 5.161 5.162 
Benzene 2.792 2.810 1-Methyl naphthalene 5.789 5.785 
Toluene 3.325 3.331 2-Methyl naphthalene 5.771 5.772 
Ethylbenzene 3.778 3.782 1,4-Dimethylnaphthalene 6.339 6.338 
o-Xylene 3.939 3.943 1,6- Dimethylnaphthalene 6.280 6.284 
m-Xylene 3.868 3.870 cis-Decahydronaphtalene 5.162 
p-Xylene 3.839 3.841 Indane 4.590 4.598 
1,3,5-Trimethylbenzene 4.344 4.348 Phenanthrene 7.632 7.638 


1,2-Diethylbenzene 4.732 4.728 


Table 1. Partition coefficient log L!6 Pp. at 298.2K obtained with a CsoH102 packed column at 373.2K. log 
L'6 a; data taken from [5,14,21,31]. 


and the deactivated silica does not assure the film stability at higher temperature [24, 27]. 
Our experience indicates that the use of commercially available apolane coated capillary 
columns should be limited to low temperature ranges. In the case of heavy compounds this 
implies very long retention times and imposes injection of samples of important volume, 
which induces adsorption effects. Consequently, to determine log L'* of heavy compounds 
we decided to use packed columns with long chain n-alkane stationary phase. Moreover, 
results obtained with a non-deactivated column indicate that retention times are influenced 
by adsorption phenomena. Indeed, polar solutes exhibited severely asymmetric peaks and 
their retention times strongly depended on the sample size. Retention times of alcohols are 
longer than the literature values that may indicate the presence of active sites. 


2.2.3. Determination of LogL"® using packed columns 


Problems of the capillary column stability encouraged us to review the possibility of 
application of packed columns for determining log L'® of non-volatile compounds. 
Stationary phases used were long chain n-alkanes, n-hexatriacontane and n-pentacontane. 
They were used at temperatures up to 320 K without significant loss of weight. The essential 
problem encountered with packed columns concerned adsorption effects [30, 23]. Mutelet & 
Rogalski [2] used teflon columns, inert and stable up to 330 K. Selecting an appropriate 
support material can reduce the adsorption on the surface of the support. Preliminary tests 
showed that the best results were obtained with the Chromosorb PAW DMCS and the 
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Chromosorb WHP. Both supports were loaded with 25% of n-pentacontane. The fact that 
with Chromosorb PAW DMCS retention times depend on the sample size and 
chromatographic peaks are asymmetric indicates the presence of adsorption. Moreover, 
retention times of alcohols are longer than expected, indicating the presence of active 
adsorption sites on the support surface. The Chromosorb WHP support has a lower specific 
area and a smaller concentration of hydroxyl groups which reduces the adsorption. Results 
obtained are in good agreements with literature data for most of the compounds studied and 
retention times depend only slightly on the sample size. However, retention times observed 
with polyaromatic hydrocarbons are still longer than expected. Good results were obtained by 
deactivating the column (Table 1) with Silyl 8, as recommended by [31]. The use of packed 
columns with Chromosorb WHP coated with n-alkane and deactivated with Silyl 8 made it 
possible to obtain a homogenous set of log L'® in good agreement with literature data. 


2.2.4. Determination of LogL’® using temperature gradient method 


The packed column technique can be used to measure log L!° data of volatile organic 
compounds. The reasonable limit of application of this method is the retention time of n- 
eicosane. Experimental difficulties make hazardous quantitative determination log L!° of 
heavier compounds. To enlarge the applicability of chromatographic methods to organic 
compounds less volatile than n-eicosane, a method based on the temperature gradient 
chromatography can be used. Recently, Donovan [32] showed that retention times of heavy 
organic compounds obtained in a gradient mode are linearly related to the logarithm of the 
vapor pressure at 298.2 K. The authors used a DB-1 megabore column at high flow rates of 
the gas phase. This method making it possible to reduce considerably retention time was 
applied to determine vapor pressures of pesticides and polyaromatic hydrocarbons. 
Nevertheless, the stationary phase DB-1 is slightly polar [24]. Corresponding system 
parameters of the poly(dimethylsiloxane) immobilized in DB-1 column were published in 
the reference [24]. Values determined at t= 60°C are as follows: r =0, s = 0.211, a = 0.308 and b 
= 0. Therefore, experimental results obtained with a DB-1 column can be used to determine 
log L'¢ only if LSER parameters expressing solute polarity are known. No general 
relationship between the reduced retention time and log L" valid with all organic 
compounds can be obtained without the knowledge of above parameters. 


However, this approach can be used to establish relationship between the reduced retention 
time and log L!° within a series of compounds. Indeed, polar parameters vary only slightly 
and in a regular way within a series. Moreover, certain parameters decrease strongly with 
rising temperature [24]. Therefore, it can be supposed that the effect of the stationary phase 
polarity is nearly constant within a homologous series of moderately polar compounds. 
Measurements performed in a gradient mode with several homologous series confirmed 
this hypothesis. However, linear relationship does not afford the precision required for the 
log L'6 determination. It was noticed that not only the reduced retention time tr but also the 
corresponding temperature T is needed to establish the appropriate function. Function log 
L?¢ = f(tr,T) is linear with R=0.996 that is not enough to represent the log L!° with the 
precision required. We found that the suitable function is as follows: 
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In the case of n-alkanes, function f(tr) was obtained with log L’° literature data of n-alkanes 
from n-dodecane up to n-docosane. The plot of f(tr) and values of parameters determining 
this function are given in Figure 1. The log L'® of n-alkanes up to n=38 calculated with 
equation (10) using gradient mode results are presented in Table 2. It is reasonable to 
suppose that partition coefficients of heavy n-alkanes up to approximately C1sHs2 can be 
obtained with gradient method. It should be pointed out that the present approach based on 
the gradient mode chromatography can be used only to determine log L'® within a 
homologous series of moderately polar compounds. The use of the present method with less 
polar stationary phase (recently, Li et al. [24] shown that in the case of SPB columns r= 0, a= 
0, b = 0) can facilitate the study of polar compounds and perhaps obtain more general 
results. 


Compounds tr log Liter Log L166 
n-Undecane 3.70 5.221 5.1912 
n-Dodecane 5.87 5.705 5.6962 
n-Tridecane 8.18 6.195 6.2002 
n-Tetradecane 10.60 6.707 6.7052 
n-Pentadecane 12.98 7.221 7.209 
n-Hexadecane 15.15 7.707 7.7148 
n-Heptadecane 17.42 8.237 8.2182 
n-Octadecane 19.47 8.739 8.7222 
n-Nonadecane 21.42 9.239 9,226 
n-Eicosane 23.30 9.743 9.7312 
n-heinecosane 25.12 10.253 10.2362 
n-Docosane 26.85 10.760 10.7408 
n-Tricosane 28.48 11.259 11.2522 
n-Tetracosane 30.05 11.759 11.7582 
n-Pentacosane 31.57 12.262 12.244» 
n-Hexacosane 33.07 12.779 12.744» 
n-Heptacosane 34.47 13.280 13.244» 
n-Octacosane 35.82 13.780 13.744 
n-Nonacosane 37.15 14.291 14.244» 
n-Heinetriacontane 39.70 15.321 15.244» 
n-dotriacontane 40.80 15.787 15.744» 
n-Pentatriacontane 44.00 17.223 17.244» 
n-Hexatriacontane 45.08 17.736 17.744» 
n-Octatriacontane 47.00 18.684 18.744» 


Table 2. Retention times tr and partition coefficients log L6 «P of n-alkanes determined at 298.2°C using 
the gradient method on DB-1 column. Log L!¢ 4» a: -literature data [5,14,21,31]. b: -estimates calculated 
using the group contribution method proposed by reference [2]. 
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Figure 2. Plot of f(tr) function established with temperature gradient method; aromatics and 
polyaromatics (0), n-alkanes (0). 


2.2.5. Determination of polar LSER parameters 


The excess molar refraction E is defined by the difference between the value for the 
solute molar refraction and the molar refraction for an alkane of the same characteristic 
volume: 


Ry = MR x(solute) — MR, (alkane of the same Vy ) (11) 


The solute molar refraction is calculated from the following equation: 


10-(n? -1)-Vy 


ie: 7 (n? +2] 


(12) 


Where Vx is the specific volume in cm’.mol-!/100 and n the refractive index of the solute. 


Abraham et al. [18] set out to construct scales of solute hydrogen bond acidity and hydrogen 
bond basicity using logK values for reaction 1 in tetrachloromethane. The authors set out 
logK values for a series of acids against 45 given bases. If log K values for acids in a given 
reference base is plotted against log K values for acids in another reference base, a series of 
straight lines is observed with an intersection at a magic point of -1.1 log units. It is found 
that: 


logK (series of acidsagainst reference base B) = LplogkY +Dp (13) 


Where Ls and Ds characterize the base and log Kf values characterize the series of acids. 


The Yar and > ph parameters are then defined by: 


374 Chromatography — The Most Versatile Method of Chemical Analysis 


Dab! =(logk/A +1.1)/4.636 (14) 
DBS! =(logk pl +1.1)/4.636 (15) 


The volt and >> By parameters can be determined at the same time with av parameter. 
Retention data (such as retention volume, partition coefficients) of the solute in three 
stationary phases at least of different polarity can be used to determine the val Oe pit 


and 7}! . Each stationary phase can be described by equation (16): 


logky =c+1r-R5 +8-m5! 4a- Yah! +b- FT Bh! +1-Loetlé (16) 
sky, 2+s-Mp 2 9 g 


At first, the LSER parameters c, s, a, b and | of each stationary phase are determined by 
multiple linear regression using solutes for which R2, val a> py ’ a and logL'* are 


known. Then, val ie pt F a can be determined by multiple linear regression. 


2.2.6. Group contribution Method for calculation of LSER parameters of organic 
compounds 


Predictive methods allow to calculate these physico-chemical parameters which are 
inacessible via direct experiment. This alternative is particularly interesting in the case of log 
L!6 of nonvolatile compounds. We consider that experimental methods described in the 
preceeding paragraph are useful for determination of LSER parameters of volatile and 
moderatly non-volatile compounds. Therefore, the large data bank of log L'® values already 
available in the literature can be used to establish group additivity rules and to predict log 
L!6 of less volatile compounds. Havelec & Sevcik [27,28] presented a general group 
contribution method making it possible to calculate accurate estimates of log L!® of about 
2000 organic compounds. The number of groups necessary to obtain good estimates of log 
L'* depends on the complexity of the molecular structure and rises in the case of 
polyfunctional molecules. This explains a high number of adjustable parameters used in the 
model [27,28]. For instance, log L'® of non-aromatic hydrocarbons is established with 33 
parameters and 9 structural contributions. The total number of all group parameters, 
interactional parameters and structural contributions is of 131. The contribution of a given 
group is represented in the reference [27,28] with three parameters related to the structure of 
the molecule and to its interactions with the stationary phase. As log L'¢ is dependent on the 
solute vapor pressure and on the infinite dilution activity coefficient this approach is 
basically correct. However, molecular interactions are always related to n-hexadecane and 
certain parameters can be correlated. Platts et al. [20] recently proposed a new predictive 
method based on a careful analysis of contributions of various functional groups to establish 
log L!¢ and other LSER parameters. Therefore, molecular segments were defined in view to 
obtain good estimates of each. The log L!¢ of hydrocarbons is calculated with 9 parameters 
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only. This method was established with 81 parameters, using a databank of 1908 
compounds. A new model was proposed to calculating log L!® for nonvolatile organic 
compounds with special attention paid to heavy hydrocarbons. Data for 550 organic 
compounds containing mainly hydrocarbons and members of homologous series were used 
in regression. Basic heteroatom segments were taken into account but the polyfunctional 
organic compounds were not dealt with. Values of log L!° were taken from literature [5, 21]. 
To elaborate the group contribution method a simple and efficient approach was used. 
Accordingly, log L!° of the compounds X was calculated with the following expression: 


logLi® = sn, -c; (17) 
1 


where ci is the contribution of the group “i” and ni is the number of groups “i” in the 
compound X. 


Platts et al. [20] have developed and tested additive models for six important molecular 


LFER descriptors, namely, R2, val! sey } a and logL!. Five of these six, all bar val 


are calculated from a single set of 81 atom and group fragments, while > pst is calculated 


from a separate set of 51 fragments. In general, the linear fit obtained with these additive 
models is good, with R2 and log L"¢ in particular giving excellent correlation. Splitting the 
data into training and test sets has also tested the predictive ability of such models, and is 
found to be almost as accurate as the full regressions. The performance of the method in 
calculating descriptors for “difficult” structures, ones containing intramolecular interactions 
such as hydrogen bonds, has been analyzed. Variations in descriptors due to such 
interactions are generally found to be reproduced, though inevitably some small 
discrepancies are found. In conclusion, this model is particurlarly powerful and useful for 
the prediction of LSER parameters of heavy and complicated molecules. 


3. Application of linear solvation energy relationship on ionic liquids 


The LSER model may be used to characterize the stationary phases in chromatography. In 
this case, a large number of solutes (between 20 and 50) for which LSER parameters R2, 


Salt 7, = Bh ; m3! and logL!® are known have to be injected. The LSER parameters 


characterizing the stationary phases (c, s, r, a, b and 1) are determined by multiple linear 
regression. In the literature, there is a large amount of data of partition coefficients or 
activity coefficients measured by gas-liquid chromatography or by dilutor technique. Some 
system constants for various ionic liquids and classical solvents at 25 °C are summarized in 
Table 3. The data for the 1-ethanol-3-methylimidazolium tetrafluoroborate, 1-ethanol-3- 
methylimidazolium hexafluorophosphate, 1,3-dimethylimidazolium dimethylphosphate 
and 1-ethyl-3-methylimidazolium diethylphosphate [33], 1-Butyl-3-methylimidazolium 
tetrafluoroborate [34], n-Acryloyloxypropyl-N-methylimidazolium bromide and = n- 
Methacryloyloxyhexyl-N-methylimidazolium bromide [35], 1-Propenyl-3-alkyl-imidazolium 
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bromide [36], 1-butyl-3-methylimidazolium octyl sulfate and 1-ethyl-3-methylimidazolium 
tosylate [37], Triethylsulphonium bis(trifluoromethylsulfonyl)imide [38], 1-Methyl-3- 
ethylimidazolium _ bis(trifluorosulfonyl)-amide and 1.2-Dimethyl-3-ethylimidazolium 
bis(trifluorosulfonyl)-amide [39] were taken from the sources indicated. Poole & Poole [40] 
found that the system constants of LSER model for the room temperature ionic liquids fall 
into the range e =—0.62 to 0.86, s = 1.7-2.8, a = 2.1-7.3, b = 0-1.07, and | = 0.35-0.96. Compared 
with the scale of the polar organic solvents e =-0.60 to 0.82, s = 0.54-2.8, a =0.28-5.50, b =0 
4.8, and 1=-0.21 to 0.98, we can see that both scales are similar indicating that the solvation 
properties for the room temperature ionic liquids are classical and fit quite well into the 
scales developed for polar molecular solvents. 


The (c + IL) term gives information on the effect of cohesion of the ionic liquids on solute 
transfer from the gas phase. In general, the ionic liquids are cohesive solvents; they interact 
weakly via nonbonding and r-electrons (r system constant is zero) and are not much 
different to other polar non-ionic liquids. The ionic liquids are roughly as 
dipolar/polarizable as classical solvents. The hydrogen-bond basicity of the ionic liquid (a 
system constants) are considerably larger than values obtained for non phases (0-2.1) [1]. 
The hydrogen-bond basicity of Ils depends on the anion grafted on the cation. ionic liquids 
can be slightly more hydrogen-bond basic than dimethyl sulfoxide and N- 
methylpyrrolidinone, and are weak to moderate hydrogen-bond acids, similar to the 
aliphatic alcohols. From Table 3 and data collected in the reference [40], we can see that the 
hydrogen-bond acidity of the ionic liquids depends largely on the cation and is lower for the 
1,3-dialkylimidazolium salts with an alkyl group at C2 position than 1,3- 
dialkylimidazolium salts. 


4. Predictive models based on LSER model coupled to a group 
contribution method 


Solvation model may be also used to set up correlation between thermodynamic properties 
and LSER parameters. Abraham et al. [41,42] reported mathematical correlations based on 
the general Abraham solvation parameter model for the gas-to-solvent, Ki, and water-to- 
solvent, P, partition coefficients. Recently, [43-46] modified the Abraham solvation 
parameter model: 


LogK;, = Ceation + Canion + (€ cation + €anion) ‘E+ (Scation + Sanion) ‘S+ (18) 
+ (Acation + Aanion) At (Deation a5 Danion ) ‘Bt (Leation ye Lanion) L 
LogP = C cation + © anion + (e cation + € anion) E+ (s cation + S anions ‘S 


; ; ; ; (19) 
+ (a cation t anion) At (b cation + b anion ) B+ (V cation + Vanion) v 


by rewriting each of the six solvent equation coefficients as a summation of their respective 
cation and anion contribution. The dependent variables in equations (18) and (19) are 
solutes descriptors as follows: E and S refer to the excess molar refraction in units of 
(cm3.mol')/10 and dipolarity/polarizability descriptors of the solute, respectively, A and B 
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Ionic liquids and classical solvents System constants 


e Ss a b 1 c 


1-ethanol-3-methylimidazolium 


0 3.03 2.89 1.13 0.47 | -1.14 
hexafluorophosphate 


1-ethanol-3-methylimidazolium 
tetrafluoroborate 


1,3-dimethylimidazolium 
dimethylphosphate 


1-ethyl-3-methylimidazolium 
diethylphosphate 


1-Butyl-3-methylimidazolium 
tetrafluoroborate 


n-Acryloyloxypropyl-N-methylimidazolium 
bromide 


n-Methacryloyloxyhexyl-N- 
methylimidazolium bromide 


1-Propenyl-3-methyl-imidazolium bromide 0 2.16 | 5.19 0 0.53 | -1.86 
1-Propenyl-3-octyl-imidazolium bromide 0 1.72 | 4.96 0 0.57 -1.6 

1-Propenyl-3-decyl-imidazolium bromide 0 1.73 | 4.89 0 0.66 | -1.58 
1-Propenyl-3-dodecyl-imidazolium bromide 0 1.44 | 4.87 0 0.72 | -1.51 
1-Butyl-3-methylimidazolium octyl sulfate 0 1.47 | 4.05 0 0.68 | -0.237 
1-Ethyl-3-methylimidazolium tosylate 0.54 2.4 4.81 0.17 | 0.48 | -0.84 
n-Butylammonium thiocyanate 0.14 1.65 | 2.76 | 1.32 | 0.45 | -0.75 


1-Methy1-3-ethylimidazolium 


14 2.277 | 2.172 | 1.041 62 -0.4 
bis(trifluorosulfonyl)-amide aa ° Sl linea 


1.2-Dimethy1-3-ethylimidazolium 


0.214 | 2.347 | 2.075 | 0.896 | 0.655 | -0.565 
bis(trifluorosulfonyl)-amide 


Triethylsulphonium 


114 | 2.37 2.34 E 642 | -0. 
bis(trifluoromethylsulfonyl)imide . 7 cad nee ice 


1-Ethyl-3-methylimidazolium 


; 0.608 1.63 4.21 1.81 | 0.584 | -0.918 
Trifluoroacetate 


1-Butyl-3-methylimidazolium 


A 2 A .681 .647 | -0.784 
Trifluoromethanesulfonate Mee ioe legs Pe 


Trifluoroethanol -0.547 | 1.339 | 2.213 | 3.807 | 0.645 | -0.092 
Methanol -0.22 1.17 3.7 1.43 | 0.769 | -1.27 
Water 0.82 2.74 3.9 4.81 | -0.213 0 

1.2 Dichoroethane -0.47 | 1.676 | 0.92 | 0.486 | 0.927 | 0.025 
Dry methy] acetate -0.447 | 1.675 | 2.625 | 0.213 | 0.874 | 0.129 
Dry ethyl acetate -0.352 | 1.316 | 2.891 0 0.916 | 0.182 
Ethylene glycol 0.217 | 1.427 | 4.474 | 2.687 | 0.568 | -0.898 
Benzene -0.313 | 1.053 | 0.457 | 0.169 1.02 | 0.107 
2-(Cyclohexylamino)ethanesulfonate 0.07 1.57 3.67 0 0.51 | -0.83 


Table 3. LSER descriptors of ionic liquids determined at 313.15 K. 
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are measures of the solute hydrogen-bond acidity and basicity, V is the McGowan volume 
in units of (cm3.mol')/100 and L is the logarithm of the gas-to-hexadecane partition 
coefficient at 298 K. Sprunger et al. calculated equation coefficients for 8 cations and 4 anions 
using a database that contained 584 experimental log Ki and 571 experimental log P values. 
No loss in predictive accuracy was observed by separating the equation coefficients into 
individual cation-specific and anion-specific values. The major advantage of splitting the 
equation coefficients into individual cation-specific and anion-specific contributions is that 
one can make predictions for more ILs. In Sprunger’s approach, the major advantage of 
splitting the equation coefficients into individual cation-specific and anion-specific 
contributions is that one can make predictions for more Ils. Most of the cations are 
alkylimidazolium. The use of this model is somewhat limited since it can not be 
extrapolated to alkylimidazolium ionic liquids not initially defined by the method (e.g. with 
long alkyl chains). 


In the development of Mutelet et al. [47], the cation with its alkyl chains is splitted in 
different contributions: (CH3, CH2, N, CHeyciic...). The approach allows to have a predictive 
model. The aim of this work was to develop a group contribution method allowing to 
estimate the log Kz and Log P of organic compounds in ionic liquids at 298 K. Using the 
LSER model proposed by Abraham, the group contribution method expresses LSER 
coefficients ci, ei, si, ai, bi and li of equation (19). or C j e,, s; ;, a: , b, and v, of equation (20) 


by: 


21 21 21 21 21 21 
Logk, = >in, xc, + )'n; xe,E+ >'n, xs;S+ on, xa;-A+ )’n; xb; B+ >'n, xl; -L 
i i i i i i (20) 
21 2 21 21 21 21 
LogP = }'n, xc; + on, Xe; E+ } on, xs,S+ >on, xa;-A+ >on, xb, B+ )'n; xv; -V 
i i i i i i 


Where ni is the number of group i present in the ionic liquid. 


Mutelet et al. [47] proposed to extend the temperature dependent GC-LSER in view of 
determining the partition coefficient of organic compounds in ionic liquids. The GC-LSER 
can be rewriting as followed: 


21 21 21 21 21 
Yin, xc; + on, xe; -E+ }'n, xa;-A+ on, xb; -B+))n, xl, -L 
i i i i i (21) 


LogK, = const + T 
The experimental data used to calculate Abraham’s model ion-specific equation coefficients 
were taken from the collection of [43-46] and were updated with recent data. A total of 1450 
gas-liquid partition coefficients and 1410 water-to-liquid partition coefficients were used for 
the calculation. Solutes were mainly n-alkanes, cycloalkanes, alkenes, alkynes, aromatics, 
alcohols, ethers, aldehydes, ketones, chloroalkanes. The E-scale varies from 0 to 1.5, the S- 
scale from 0 to 1.72, the A-scale from 0 to 1.04, the B-scale from 0 to 1.28, the L-scale from — 
1.200 to 7.833 and the V-scale from 0.109 to 1.799. The dataset is composed of 27 
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imidazolium based ionic liquids, 3 ammonium, 3 pyridinium and 4 pyrolidinium based 
ionic liquids. The authors also add sulphonium and phosphonium ionic liquids although 
only one set of Ki (or P) data may be found for these families. The twenty one groups which 
are defined in this method are listed in Table 4. The decomposition into groups of the ionic 
liquids is very easy, that is as simple as possible. No substitution effects are considered. No 
exceptions are defined. In Figure 3 are represented all ionic liquids studied in this work. 
Five groups are defined to describe the chains Ri, R2, Rs and Rs grafted on the cation: CH3, 
CH2, -O-, -O-Neya and -OH. These groups allow the calculation of partition coefficients of 
alkyl based ionic liquids but also functionalized ionic liquids such as ether, alcohols. The 
remaining seven groups are: CHoeyelic, CHeyelic, Ceyctic, Neyatic. N* (ammonium cation), P* 
(phosphonium cation) and S* (sulphonium cation). 


More precisely, Neyctic represents two structures: “Nv = and =i . Nine groups are used for 


anions: _ bis(trifluoromethylsulfonyl)imide a(TE); N’, hexafluorophosphate: PF; 


tetrafluoroborate: BF,, ethylsulfate: EtSO,, octylsulfate: OcSO,, thiocyanate: SCN”, 
trifluoromethylsulfonate : CF,SO;, trifluoroacetate : ACF, and dicyanamide: (CN), N’. 


As an example, let’s have a look at the decomposition of 1-butyl-3-methylimidazolium 
hexafluorophosphate. In this case, the decomposition of the molecule into elementary 
groups is: 2 group 1 (-CHs) + 3 group 2 (-CHz) + 3 group 7 ( Ceyaic) + 2 group 9 (Neydic) + 1 
group 14 (PFs). 


Ri 
R | Ry Ro 
R Su “ NA NN 
Ra 
SN Nyt | ie AS 
\/ a \ 
| 
Ro 
Imidazolium Pyridinium Pyrolidinium 
Ry Ra Ry 
R |: R R L. R L. 
4—N—Rs 1 —P—Rg 
| | oS 
Ro Ro Ro Rs 
Ammonium Phosphonium Sulphonium 


Figure 3. Cation of six families of ionic liquids. 


Group contribution model coupled to LSER (GC-LSER) for estimating the gas-to-ionic 
liquids partition coefficients and water-to-ionic liquids partition coefficients allows to 
predict with good accuracy Log Kz and Log P at 298 K of not only alkyl based ionic liquids 
but also functionalized ionic liquids. The parameters of the group contribution methods 
were determined for imidazolium, pyridinium, pyrrolidinium, phosphonium, ammonium 
and sulphonium based ionic liquids containing several different anions. A comparison 
between the experimental and calculated values showed that the proposed models describe 
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the experimental data available with a mean absolute error of about 0.15 log unit. While the 
model is probably somewhat limited in prediction for pyridinium and pyrrolidinium based 


ionic liquids because of the poor dataset for these cations, results obtained are satisfactory. 


Cation’s group Definition Anion’s group Definition 
Group1 CHs-  CHs from alkyl chain Group 13 (TF) N- bis(trifluoromethyl- 
Ri, R2,Rs or Ra . sulfonyl)imide 
Group 2 -CH2z CH? from alkyl chain Group 14 PF, Hexafluorophosphate 
Ri, R2,R3 or Ra 
Group3  -O- -O- in alkyl chain Ri, Group 15 BF, Tettrafluoroborate 
R2,R3 or Ra 
Group4 -O- Oxygenated atom Group 16 EtSO; Ethylsulfate 
Noyzaic- connected directly to 
Neoyclic 
Group5 -OH -OH from alkyl chain Group 17 OcSO; Octylsulfate 
Ri, R2,R3 or Ra 
Group 6 CHacyaic ~CH2 cyclic in Group 18 scN- Thiocyanate 
pyrolidinium’s cation 
Group 7 CHeyaic CH cyclic in Group 19 CE,SO; Trifluoromethyl- 
imidazolium or sulfonate 
pyridinium’s cation 
Group 8 Coyalic C cyclic in Group 20 ACE; Trifluoroacetate 
imidazolium or 
pyridinium’s cation 
Group9 Noaic Cyclic nitrogen Group 21 (CN) N7 Dicyanamide 
(imdazolium, i 
pyridinium and 
pyrolidinium) 
Group 10 : Ammonium’s cation 
—N 
| 
Group 11 l. Phosphonium’s cation 
| 
Group 12 Sulphonium’s cation 


Table 4. Description of the 21 groups used for the estimation of LogK1 and LogP. 
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5. Conclusion 


The solvation parameter model is suitable for describing the retention properties of 
molecules in chromatographic systems. To establish the system properties requires 
identification of a group of compounds with well known descriptor values. We have shown 
that all LSER parameters of solutes may be determined using gas chromatography or 
experimental techniques. The solvation model may be used either for the physico-chemical 
characterization of the stationary phases or for the establishment of a suitable quantitative 
structure-property relationship to facilitate the prediction of further system properties for 
compounds lacking experimental values. 
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1. Introduction 


Statins are now among the most frequently prescribed agents for reducing morbidity and 
mortality related to cardiovascular diseases (Figure 1) and analysis of these drugs is a 
current problem. The major therapeutic action of statin drugs is reduction of circulating 
atherogenic lipoproteins as a result of inhibition of 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase [1]. The key enzyme catalyzes the conversion of HMG-CoA to 
mevalonate, a critical intermediary in the cholesterol biosynthesis. This mechanism was 
discovered in 1976, when Endo and co-workers isolated a compound mevastatin from 
Penicillium citrinum that exhibited cholesterol-lowering effects [2]. Clinical studies have 
shown that statins significantly reduce the risk of heart attack and death in patients with 
proven coronary artery disease, and can also reduce cardiac events in patients with high 
cholesterol levels [3]. Beside lipid-lowering activity, statins improve endothelial function, 
maintain plaque stability and prevent thrombus formation. There is also an increased 
interest in statins non-lipid activities such as an anti-inflammatory action [4]. 


Ischemic heart disease is the leading cause of death in middle- and high-income countries, 
killing over 7 million people each year. Cardiovascular disease has no geographic, gender or 
socio-economic boundaries, and will remain the leading cause of death globally in the 
future. Therefore, the development of new analytical methods for statin drugs is of great 
importance. Analytical methods are employed through entire life cycle of a drug, from 
design and manufacture, elucidating the mechanism of biotransformation, clinical trials, 
dosage scheme adjustment, its introduction into the marketplace, quality control and 
pharmacovigilance to drug recycling and disposal with emphasis on environmental 
protection. 
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Statins can be grouped into fermentation-derived and chemically synthesized. Lovastatin, 
also called mevinolin, was isolated as secondary metabolite of fermentation process of 
various fungi such as Aspergillus terreus, Monascus ruber and Penicillium species [5, 6]. 
Lovastatin was the first commercially available compound for treatment of 
hypercholesterolemia, approved for use in 1987. It is produced biosynthetically from the 
fungus Aspergillus terreus. Whereas lovastatin is a natural product, simvastatin and 
pravastatin are semi-synthetic. Simvastatin is obtained by synthesis from lovastatin by 
replacement of 2-methylbutyryl side chain with 2,2-dimethylbutyryl group, while 
pravastatin is produced by microbial hydroxylation of mevastatin by Strepromyces 
carbophilus. Fluvastatin, atorvastatin, pitavastatin and rosuvastatin are completely synthetic 
compounds. Although all statins share a common mechanism of action and structural 
component that is very similar to the HMG portion of HMG-CoA reductase, they differ in 
terms of their chemical structures (Figure 1). The statins differ from each other in the rigid, 
hydrophobic structures covalently linked to the HMG-like moiety. The naturally derived 
statins contain a substituted decalin ring structure. Only pravastatin has a hydroxyl 
substituent on the hexahydronaphthalene nucleus which causes higher hydrophilicity. Fully 
synthetic statins have fluorophenyl groups linked to the HMG-like moiety. Depending upon 
chemical structure, statins have different affinities for HMG-CoA reductase and different 
pharmacokinetic properties [7]. Clinical trials have demonstrated rosuvastatin to be the 
most effective in reducing LDL cholesterol. In addition to the standard statin 
pharmacophore, rosuvastatin molecule contains a polar methyl sulfonamide group that 
forms a unique interaction with the catalytic site of HMG-CoA reductase. Cerivastatin was a 
synthetic statin drug, approved in 1997. Unfortunately, due to its fatal rhabdomyolysis, as a 
sever side effect, it was voluntarily withdrawn from the market in 2001. 


Statins exist in two forms, lactone and open-ring hydroxy acid forms. Lovastatin and 
simvastatin are administered as lactone prodrugs and subsequently transformed to active 
metabolites in contrast to other statins, which are formulated in the pharmacologically 
active B-hydroxy acid form. In vivo, lactone prodrugs are enzymatically hydrolyzed to their 
hydroxy acid pharmacophores in the liver to achieve pharmacological activity [8]. The 
lactone forms can be converted in aqueous solutions to their corresponding hydroxy acid 
equilibrium products. Such interconversion may occur even in the biological matrix before 
collecting aliquots of the sample, during sample preparation and analysis of the drug. 
Therefore, it is crucial to optimize the multiple steps of the analytical method in order to 
minimize the interconversion during the analysis. On the other hand, statins in B-hydroxy 
acid form possess two hydroxyl groups in an alkyl chain at the B and 6 positions with 
respect to the carboxylic acid group. The carboxylic acid group and the hydroxyl group at 
the 6 position are prone to lactonize. Therefore, all statins may exist in solutions in the free 
acid form or the lactone form or as an equilibrium mixture of both forms in a pH-dependent 
manner [9]. For samples of hydroxy acid and lactone forms, maintaining the pH of solution 
around 4-5 minimizes interconversion. Increasing the pH above 6 facilitates the conversion 
of lactone to acid, whereas lowering pH enables the conversion from acid to lactone or 
lactone to acid in the non-ionized form. Consequently, great care must be exercised when 
handling these compounds in order to isolate them in high yields and the analytical 
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methods should be designed for the simultaneous quantification of two analytes that can 
potentially undergo interconversion during analysis. 


Statins are considered for long-term therapy and thus the purity assessment of these drugs 
is of great significance. Development of selective methods for monitoring their potential 
impurities and degradation products is highly required. Identification and determination of 
drug-related substances is an important aspect because impurities and degradation 
products of drugs are often responsible for some side-effects. The estimation of the impurity 
profiles of bulk drugs or dosage formulations requires methods involving high sensitivity 
and resolution as well as acceptable analysis time. The hyphenated technique that 
incorporates the efficient separation using liquid chromatography and specific and sensitive 
detection by mass spectrometry has become indispensable tool for identification and 
structure elucidation of unknown impurities in statin drugs as well as quantification of trace 
impurity levels. 


Various chromatographic methods for determination of statins and their related impurities 
in the bulk drug forms and pharmaceutical formulations were developed. Almost all 
methods used for the separation of statins are based on high-performance liquid 
chromatography. In pharmaceutical applications UV detection was most commonly used. 
Analytical methods for determination of statins were developed individually as expected 
from their different structural and chemical properties. This approach to the analysis was 
chosen most probably because statins are not used in combination with other statin 
molecules during therapy. However, the development of a rapid analytical procedure that is 
not limited to the analysis of only one statin can be considered as a very useful assessment 
in quality control. Numerous chromatographic methods for quantification of statins in 
different biological fluids were developed. The levels of statins in biological fluids are very 
low because only about 5% of dosed statin reaches the systematic circulation. The liquid 
chromatography coupled to tandem mass spectrometry has become the method of choice 
for therapeutic plasma level monitoring of statins and their metabolites in pharmacokinetic 
investigations [10]. Generally, hyperlipidemic patients are treated with multiple-drug 
regime which commonly leads to drug interaction. The simultaneous determination of 
statins and drugs usually combined in cardiovasculary therapy in human plasma is 
important to get more insight in their possible interactions with a consequent increased risk 
to toxic effects. Due to different physical and chemical properties of co-administrated drugs 
development of methods for their simultaneous analysis is an over going challenge. 


This chapter will present recent advances in chromatographic and capillary electrophoretic 
methods for the determination of statin drugs in various fields of application. Current 
trends in developing new methods for analysis of the most frequently used drugs will be 
discussed. 


2. Pharmaceutical application 


Pharmaceutical analysis provides information on the identity, purity, content and stability 
of starting material, excipients and active pharmaceutical ingredients (APIs). A distinction is 
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made between analysis of the pure active ingredients and pharmaceutical formulations. 
Specification and test methods for the commonly used API and excipients are described in 
detail in pharmacopoeias. 


Impurity profiling is of great importance in new drug substance and new drug product 
because of their potential unwanted pharmacological effects, possible toxicity, side effects, 
and their eventual impact on the activity, efficacy and the stability of the drug, its 
bioavailability and the results of the drug analysis. International Conference on 
Harmonization (ICH) gives strict regulatory guidelines for identification and quantification 
of trace impurities in drugs. Any compound that does not have the same chemical entity as 
the active substance, present at levels higher than 0.1% or 0.05% (depending on the daily 
dose), needs to be identified. Therefore there is a permanent need for developing new 
accurate, selective, and sensitive methods for the determination of drug impurities. 
Impurities can come from starting materials, they can be intermediars and by-products from 
the synthesis of the API (process related impurities), degradation products formed during 
manufacturing process and long-term storage, interaction products between API and other 
active ingredients and excipients or primary container. 


Stability indicating methods are quantitative test methods that can detect changes of API 
and drug products during time and under certain conditions. Information on type and 
amount of degradation products over time is important for quality, safety and efficacy of the 
drug. Therefore, Food and Drug Administration (FDA), European Medicines Agency and 
other regulatory agencies, along ICH and good manufacturing practise require development 
and validation of stability indicating methods. General purpose of stability testing is to 
provide evidence on how the quality of an API or a finished pharmaceutical product 
changes during time under the influence of different environmental factors such as 
temperature, humidity and light. After these tests have been performed, recommendation 
on storage conditions and shelf life of the product can be given. ICH guidelines give 
detailed description of forced decomposition studies (stress testing). Stress testing of the API 
can help identify possible degradation products. It should include the effect of temperature 
(in 10 °C increments), humidity ( 75% relative humidity), oxidation, photolysis and 
hydrolysis of the API at a wide range of pH (acidic, neutral and alkali conditions). 


In this section a review of chromatographic methods applied for identification and 
quantification of statins in bulk drug and pharmaceutical dosage forms will be given (Table 
1). Each statin commercially available on the market will be covered in this review. Special 
emphasis will be given to stability indicating methods and papers describing impurity 
profiling. 


Statins are often manufactured in combined pharmaceutical formulations together with 
ramipril, acetylsalicylic acid, amlodipine etc., and especially ezetimibe, a novel lipid- 
lowering agent that inhibits the absorption of cholesterol in the intestine by blocking 
Niemann-Pick C1-like protein cholesterol transporter. A synergic effect in reducing plasma 
concentrations of LDL cholesterol is achieved, mainly by the combination of statin and 
ezetimibe. Since statins are often co-administered with other drugs in therapy of 
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cardiovascular disease, i.e. acetylsalicylic acid, antihypertensive medicines (ACE inhibitors, 
calcium channel blockers), but also in combined therapy of multiple disorders, e.g. 
antidiabetics, diuretics, nonsteroidal anti-inflammatory drugs and other analgetics, 
antibiotics etc. In order to avoid problems with patient compliance when a combination of 
acetylsalicylic acid, antihypertensives, lipid-lowering drugs and etc. is required, a polypill, a 
fixed-dose combination containing three or more drugs in a single pill, would be the 
solution. Methods describing simultaneous analysis of these combined pharmaceutical 
products will also be mentioned. 
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Figure 1. Chemical structures of statins 


2.1. Lovastatin 


The first statin registered as a drug was lovastatin. Nowadays, in therapy it is greatly 
replaced by new synthetic products, mainly atorvastatin and simvastatin. Therefore there 
are not many new methods for determination and quantification of lovastatin in bulk drug 
and pharmaceutical formulations. 


There are scarce reports investigating the conversion of statins from lactone to their 
corresponding hydroxy acid forms. Yang and Hwang studied the conversion of lovastatin 
and simvastatin from lactone to corresponding hydroxy acid forms [11]. They concluded 
that the conversion of lactone forms to corresponding hydroxy acid forms would occur in 
water or 70% acetonitrile. However, this conversion could be retarded by addition of acetic 
acid to the solution. Hence a mobile phase with acetic acid added to the composition is 
recommended for HPLC analysis. Furthermore, lactone forms could only be transformed to 
their corresponding hydroxy acid forms in 0.1 M NaOH or 0.05 M KOH prepared in 25% or 
50% acetonitrile in water. When alkaline methanolic solutions were used further 
transformation to methyl ester of hydroxy acid form would take place. Recently another 
paper was published investigating conversion of lovastatin [12]. The identity of all three 
forms, lovastatin, lovastatin hydroxy acid and its methyl ester was confirmed by 
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electrospray ionization (ESI) mass spectrometry (MS). Their results imply that also under 
acidic conditions, with increase of storage time, lactone is converted to hydroxy acid form 
and further transformed to methyl ester form. 


Bearing in mind the interconversion problem, special attention should be given to the choice of a 
mobile phase for HPLC analysis, the extraction procedure and sample storage time. Methanol in 
acidic conditions should be avoided because it induces the conversion and transformation of 
lovastatin forms. Hence, most recently developed LC methods utilize pH around 4.5. 


Lovastatin is an active pharmaceutical ingredient in red yeast rice products, used as a 
dietary supplement. In such products lovastatin is mostly refered to as monakolin K, and is 
accompanied by 13 more monacolins naturally occurring in red yeast rice. These products 
are frequently used by millions of people as a complementary and alternative therapy for 
lowering total lipid and LDL cholesterol levels. Unfortunately dietary supplements do not 
follow strict quality control as medicines do, active ingredients are not standardized and 
published on labels, and considerable variations can be found among different 
manufactures even between lots of the same manufacture. Therefore there is a growing need 
for specific and precise methods for determination of lovastatin in red yeast rice dietary 
supplements in order to ensure standardization, efficacy and safety of these products. 


Identification and chemical profiling of all 14 monacolins in red yeast rice and its formulated 
products was conducted using HPLC with photodiode array detecore (PDA) and MS [13]. 
Because red yeast rice has a complex matrix, sample extraction procedure was carried out 
with 75% ethanol. Chemical profiling was performed using electrospray ionization and ion 
trap mass analyzer. Since lovastatin content depends on the fermentation process of the rice 
by Monascus purpureus, an LC-PDA-ESI-ion trap method was published investigating 
differences in raw material powder and finished products [14]. 


A stability-indicating method for the stress test of red yeast rice was also performed [15]. An 
assay of seven main monacolins, monacolin K (lovastatin), monacolin J, monacolin L and 
their corresponding hydroxy acid forms and dehydromonacolin K, representing 97% of total 
monacolins, was determined. In order to shorten the analysis time Song et al. proposed a 
fast screening method of lovastatin in red yeast rice products by flow injection tandem mass 
spectrometry without LC separation [16]. 


2.2. Simvastatin 


Simvastatin is along atorvastatin the most often used statin drug and there is a great number 
of analytical methods developed. Novakova et al. published a review paper on HPLC 
methods for the determination of simvastatin and atorvastatin [17]. An oversight on 
different areas of application, pharmaceutical formulations, clinical medicine (human 
plasma) and environmental (aqueous samples) was given. A more detailed overview will be 
given on papers not covered by this review. 


A simple HPLC-UV method was optimized according to the USP chromatographic method 
for simvastatin [18]. By changing the column length from 30 cm to a Chromolith RP18 
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monolithic column, 10 cm in length and reducing the pH to 3.0, a reduction in elution time 
was about 60%, resulting in analysis time less than 4 min. Method was applied to determine 
the quality of 60 compounding simvastatin 40 mg capsules. The mean content and weight 
variation evaluation, content uniformity, determination of simvastatin concentration, 
determination of lovastatin as an impurity and the dissolution test were performed. Results 
were devastating. The mean content of the capsules varied from 70 mg to 316 mg. In ten 
Brazilian pharmacies more than one tested capsule was outside the range from 85-115%. 
Only three pharmacies presented content uniformity with values complying to reference 
ones. Capsules from all the pharmacies resulted in simvastatin content less than 100% of the 
declared value. In 6 of them the content ranged from 4-87% of the declared amount. These 
results do not meet the requirements for simvastatin contents, resulting in underdosing. 
These appalling results emphasize the need for the control of raw material, compounding 
process and finished products quality, efficacy and safety. 


Tablet splitting is a somewhat controversial topic among pharmacy practitioners, patients, 
managed care organizations and many other associations involved in health care. However 
it has become increasingly common, especially within geriatric and psychiatry communities. 
There are many concerns surrounding tablet splitting program, mainly if there will be 
considerable weight fluctuations, will the daily dose be the same in two half's, and will 
tablet splitting deliver same clinical outcomes at a lower cost. Hill et al. presented an HPLC- 
UV method, taken from the USP monograph and adapted to half-tablets, for drug content 
and weight uniformity for half-tablets of six commonly split medications, including 
simvastatin [19]. There analysis found 38.80 mg as target drug content, while the measured 
drug content mean was 40.06 mg, with a RSD 4.29%. Target drug content ranges from 
95.21% to 111.35%. These small changes in daily dose should have no significant impact on 
long-term clinical end points. 


RP-HPLC method was developed and validated for simultaneous analysis of simvastatin 
and tocotrienol and tocopherols isoforms in  simvastatin-tocotrienol nanoparticles 
manufactured as potential targeted therapy of breast cancer [20]. In order to obtain good 
resolution in short analysis time the separation was carried out on a Phenomenex Onyx C18 
monolithic column (100 mm x 4.6 mm) with a gradient elution. 


Preparation and evaluation of a high-dose nicotinic acid loaded sustained-release pellets 
coated with double polymer and immediate release simvastatin was introduced by Zhao 
and co-workers [21]. After the preparation of drug-loaded pellets, drug content analysis was 
performed by HPLC for both nicotinic acid and simvastatin. However, unnecessary, 
different methods, using similar columns and mobile phases, were employed. 


There are a number of methods describing simultaneous determination of simvastatin and 
ezetimibe from their combination drug products [22-25]. Stability indicating studies on 
combined pharmaceutical products of simvastatin and ezetimibe have also been published 
[24, 25]. Different approaches to forced degradation study, chromatographic conditions and 
determination of degradation products were performed. Hefnawy and co-workers proposed 
a very fast and sensitive stability indicating method for simultaneous determination of 
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ezetimibe and simvastatin in tablet dosage form [25]. Instead of traditional chromatographic 
columns packed with porous particles, they used a monolithic stationary phases, i.e. RP 
Merck Chromolith Performance column (RP-18e, 100 mm x 4.6 mm). Due to monolithic 
stationary phase, an elevated flow rate is possible, resulting in a run-time five-fold reduced 
(analysis time under 2 min), consumption of mobile phase about two-fold decreased, while 
the resolution between peaks remained unaffected. 


Several methods have been developed for identification and quantification of known 
impurities, but many also studied fragmentation and structural determination of unknown 
simvastatin impurities [26-29]. Structural characterization and identification of a new 
compound, an unknown simvastatin by-product generated during the industrial synthesis 
starting from lovastatin was published [26]. After HPLC-diode array detector (DAD) 
analysis, ESI-ion trap mass analyzer was employed to obtain MS/MS spectra, followed by 
Fourier transform-infrared spectroscopy (FT-IR) and nuclear magnetic resonance (NMR) 
analysis. 


Plumb et al. [27] proposed a method using high resolution sub 2 um particle LC column 
together with hybrid quadrupole orthogonal time-of-flight (TOF) mass spectrometer used to 
profile and identify simvastatin impurities. All common impurites were identified in a 
single 10 min run. A new impurity of simvastatin was detected and identified as the 
saturated ring form of simvastatin. The same group published a paper on screening 
pharmaceutical products by ultra performance liquid chromatography (UPLC) coupled to 
TOF-MS [28]. Principal components statistical analysis was used for rapid classification of 
batches of simvastatin tablets according to their impurity profile. 


Reddy et al. [29] performed HPLC separation of simvastatin and its two main impurities, 
anhydro-simvastatin and simvastatin dimmer. An unknown impurity was detected. MS/MS 
spectrum was obtained by ESI* and ion-trap mass analyzer and the structure of the so far 
unknown simvastatin impurity was proposed. Recently, a paper on_ synthesis, 
characterization and quantification of simvastatin's metabolites and impurities was 
published [30]. This method emphasizes use of non-compendial reference standards for 
quantification, with shorter analysis time and improved sensitivity. 6-hydroxy acid and 
methyl ester of simvastatin were synthesized as non-compendial reference standards. After 
complete and detailed characterization by MS, FT-IR and NMR, they were used as reference 
standards in quantification of simvastatin impurities. 


2.3. Pravastatin 


An HPLC method for quantification of pravastatin in tablets was published [31]. However, 
an unnecessary complicated extraction procedure and linearity investigation was 
performed. Identification of an impurity in pravastatin was performed by application of 
collision-activated decomposition mass spectra both in positive and negative ionization 
mode [32]. The impurity is an analogue of pravastatin with an additional methyl group on 
ester side chain. 
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Two stability indicating studies of pravastatin under different forced degradation conditions 
were conducted [33, 34]. Forced degradation study was performed for neutral, acid and 
basic hydrolysis, chemical oxidation, photochemical degradation and thermal stress using 
HPLC-UV [33]. Under neutral hydrolysis a decrease in the peak area of pravastatin was 
observed accompanied by two additional peaks. In basic hydrolysis a 90% decrease of 
pravastatin peak was noted and an additional peak is obtained, while in acidic conditions 
pravastatin peak completely disappeared and two new signals appeared. Degradation of 
pravastatin was also observed under oxidative conditions, while under thermal stress no 
change was percived. 


Results obtained by Brain-Isasi et al. [34] are somewhat different then those previously 
published [33]. They argue that the previously described method was to short (7 min) to 
observe all degradation peaks obtained by acid hydrolysis while all of them are eluting after 
pravastatin. This indicates they are more liphophyllic than the parent drug, probably 
formed after esterification and lactonization of pravastatin. By the use of MS/MS spectra 
obtained in the positive mode, one of the peaks was identified as pravastatin lactone form. 
In alkaline medium only one product was observed and after preparative TLC it was 
isolated and identified by H-NMR and C-NMR as the 8-hydroxy derivate of pravastatin. 


2.4. Fluvastatin 


Photodegradation study of fluvastatin has been studied and examined by high- 
performance-thin-layer chromatography (HPTLC) and _ spectrophotometry — [35]. 
Photoproducts were separated by HPTLC on a nonpolar C18 stationary phase with a 
mixture of phosphate buffer and methanol as a mobile phase. Both in water and methanol 
solutions, photochemical decomposition led to the formation of three major products. 


2.5. Atorvastatin 


Of all seven statins, atorvastatin is the most often administered statin drug. In fact, it is one 
of the most often prescribed prescription drugs overall. Therefore many methods are 
developed for determination and quantification of atorvastatin in bulk drug and 
pharmaceuticals. Since Novakova et al. in 2008 [17] gave a review of HPLC methods for the 
determination of atorvastatin in pharmaceutical assays, only papers published afterwards 
will be presented. 


There are several stability indicating methods for determination of atorvastatin using 
different techniques and detectors. A RP-HPTLC method using aluminium sheets precoated 
with silica gel 60 RP18F(254) as the mobile phase consisted of methanol-water was used for 
determination of atorvastatin in bulk drug and pharmaceutical formulation [36]. 
Quantification was conducted densitometrically at 246 nm. Under acidic conditions drug 
underwent significant hydrolysis, while it was stable under alkali, oxidation, dry heat and 
photodegradation conditions. HPLC method using fluorescence detector (282 nm excitation, 
400 nm emission) was introduced for analysis of atorvastatin and its degradation products 
in bulk drug and tablet form [37]. HPLC method with UV detection at 247 nm was 
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developed for determination of atorvastatin and its degradation products in bulk drug, 
marketed tablet and in-house prepared nanoemulsion formulation [38]. 


Another stability indicating method was proposed for simultaneous determination of 
atorvastatin and amlodipine alongside with their degradation products in commercial 
combined tablets [39]. An UPLC method using ethylene bridged hybrid C18 column (50 mm 
x 2.1 mm, 1.7 um) was used for simultaneous determination and quantitation of 
atorvastatin, acetylsalicylic acid and their four known and six unknown degradation 
products in combined dosage forms [40]. 


Two LC-MS method were reported for structure determination and identification of 
atorvastatin degradation products. An LC method employing an atmospheric pressure 
chemical ionization (APCI) source in positive mode with TOF mass spectrometer for 
acquiring accurate mass and an ion trap analyzer for complete fragmentation pattern was 
introduced [41]. Six unknown atorvastatin degradation products formed under stress 
conditions of hydrolysis, oxidation and photolysis were identified. Preparative HPLC 
method with Luna prep C18(2) column (200 mm x 50 mm, 10 um) was used for isolation of 
four oxidative degradation products [42]. HPLC coupled to MS, high resolution MS and 
NMR spectroscopy were applied for the structure elucidation. Quantitative NMR 
spectroscopy was used for assay determination of isolated oxidative atorvastatin 
degradation products. A fast UPLC method with analysis time of 3 min was employed for 
determination of atorvastatin, fenofibrate and their degradation products in combined 
dosage forms [43]. 


We have developed HPLC/DAD/ESI/MS" method for separation and identification of 
atorvastatin and its four related impurities [44]. To avoid hydrolysis of the atorvastatin 
lactone and the lactonization of acid form, ammonium buffer pH 4.0 was used. In order to 
achieve separation between atorvastatin and its diastereomer, several mobile phases were 
examined. Finally, a gradient elution mode was chosen to achieve good separation between 
peaks adjacent to the drug components, as well as to keep short analysis time of lipophilic 
impurities (Fig. 2.). Mass spectra were obtained by ESI source in the positive ion mode and 
ion trap analyzer. For quantitative analysis of atorvastatin and its four known impurities 
multiple reaction monitoring (MRM) mode was employed. Several unknown impurities 
were identified through MS/MS fragmentation analysis, i.e. diamino-atorvastatin, photolytic 
oxo-product, photolytic degradation product and diastereomer of atorvastatin lactone. 
Method was successfully applied to bulk drug and pharmaceutical dosage forms provided 
by different manufactures (Figure 2). 


HPLC-UV method was developed for simultaneous determination of atorvastatin and seven 
related compounds specified as process-related impurities and possible degradation 
impurities. Experimental design was used during method optimization and robustness 
testing [45]. Artificial Neural Networks were used for the modelling and prediction of 
chromatographic retention of atorvastatin and its impurities in micellar liquid 
chromatography [46]. 
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Atorvastatin in combined dosage forms, e.g. with ezetimibe, fenofibrate, ramiprile was 
determined by HPTLC methods [47, 48]. HPLC methods were published for simultaneous 
determination of atorvastatin in combination with amlodipin [49], fenofibrate [50], ezetimibe 
[51] and ramiprile [47, 52]. An improved HPLC method, with higher sensitivity and shorter 
analysis time using a chemometric protocol (statistical experimental design and Derringer's 
desirability function) was developed for simultaneous analysis of amlodipine and 
atorvastatin in pharmaceutical formulations [53]. Three HPLC methods have been published 
for analysis of atorvastatin and acetylsalicylic acid in combination with clopidogrel [54] and 
ramipril [55]. 
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Figure 2. Total ion current chromatogram of atorvastatin pharmaceutical dosage form (A) and MS 
spectra of its process related impurity diamino-atorvastatin (B) 
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HPLC method was used for investigation of polypills for the treatment of cardiovascular 
diseases [56]. Seven drugs, i.e. lisinopril, aspirin, atenolol, hydrochlorothiazide and 
simvastatin/pravastatin/atorvastatin in the presence of their major interaction and 
degradation products were separated on a C8 column. In order to obtain mass spectra of the 
interaction and degradation products, ESI-MicroTOFQ mass spectrometer was employed. 
Atenolol, lisinopril, simvastatin and atorvastatin mass spectra were acquired in positive ESI 
mode, while hydrochlorotiazide and aspirin were ionized better in negative mode. 
Pravastatin gave good molecular ions in both modes. All the interaction and degradation 
products gave satisfactory mass spectra in positive ESI modes, except for two pravastatin 
related products which showed better molecular ions in negative mode. Results suggested 
that use of pravastatin in relate to other statins resulted in more interaction and degradation 
products, as well did the combination with atenolol by comparison with hydrochlorotiazide. 
This is a very nice approach that can be utilized for drug-drug interactions and stability 
studies of the polypill. Drawbacks of the proposed method are long analysis time of 90 min, 
replacement of the phosphate buffer with water for MS analysis and three different gradient 
methods for each of the statins. 


2.6. Rosuvastatin 


Far to our knowledge first HPLC method for the determination of rosuvastatin in bulk drug 
and in its dosage form was published by Mehta et al [57]. A forced degradation study was 
done at various pH values, under hydrolytic, oxidative, photolytic and thermal stress 
conditions. Developed method was able to resolve the degradation products formed during 
the stress study. 


Not so commonly used in quality control analysis of pharmaceuticals, HPTLC method was 
proposed [58] for determination of rosuvastatin in its bulk drug and pharmaceutical 
preparations. Analysis was performed in a Camag twin-trough chamber on silica gel 
60F(254) HPTLC plates. Aceclofenac was used as internal standard. Optimized mobile phase 
consisted of toluene-methanol-ethyl acetate-formic acid. Quantitation was performed 
densitometrically at 265 nm. 


A paper employing both HPTLC and HPLC for determination of rosuvastatin and ezetimibe 
in combined tablet dosage forms was published [59]. HPLC analysis was performed on a 
Chromolith C18 column (100 mm x 4.6 mm) with PDA detector set at 245 nm. HPTLC 
separation was carried out on an aluminum-backed sheet of silica gel 60F (254) layers using 
n-butyl acetate-chloroform-glacial acetic acid as the mobile phase. Quantification of analites 
was performed with UV densitometry at 245 nm. A stability indicating method for 
simultaneous estimation of rosuvastatin and ezetimibe in their combination drug product 
was introduced [60]. Under oxidation, thermal and photodegradation conditions, both 
drugs were relatively stable. For rosuvastatin a high degree of degradation was observed in 
acidic hydrolytic conditions (0.1 M HCl at 80 °C for th), while ezetimibe was stable. On the 
contrary, ezetimibe was completely degradated with 0.1 M NaOH at 80 °C in 30 min, while 
rosuvastatin remained stable. 
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Simultaneous determination and quantification of atenolol, rosuvastatin, spironolactone, 
glibenclamide and naproxen sodium in bulk drugs, pharmaceutical formulations and in 
spiked human plasma was performed by HPLC [61]. 


2.7. Pitavastatin 


Pitavastatin is the newest statin on the market available in Japan since 2003, and approved 
for use in US in 2009. Currently pitavastatin is under evaluation in Europe (in UK it was 
approved in 2010). Hence, not many methods have been reported for determination of 
pitavastatin in bulk drug and pharmaceutical formulations. 


Two HPTLC methods were reported for the determination of pitavastatin in commercial 
pharmaceutical dosage forms [62, 63]. Validation was performed and both methods were 
shown to be selective, sensitive and accurate. 


A HPLC method was proposed for determination of pitavastatin in pharmaceutical dosage 
forms by Kumar et al [64]. Separation was achieved on a Phenomenex C18 column (250 mm 
x 4.6 mm, 5 um) in isocratic mode. Different mobile phases were tested and based on the 
best separation, analysis time, cost-effectives, sensitivity and suitability for the stability 
studies, a mobile phase consisted of 0.5% acetic acid:acetonitrile (35:65, v/v) was chosen. 
Four different drugs were tried out as the internal standard, and based on peak shape, 
resolution and elution time, paracetamol was chosen. 


Several stability indicating methods have been published [65-68]. Panchal and co-workers 
proposed two different methods, using liquid chromatography and_ ultraviolet 
spectrophotometry for determination of pitavastatin in tablet dosage forms [66]. Additionally 
forced degradation study was conducted under acidic, basic, oxidative, thermal and photolytic 
conditions. No change in the area of pitavastatin peak and no additional peaks were detected 
under photodegradation conditions. Both acidic and basic hydrolysis and thermal conditions 
generated additional peaks. After oxidative degradation a significant decrease of pitavastatin 
peak and additional peaks were observed. Linearity range of the LC method was 0.1-2.5 
ug/mL, while for the UV method it ranged from 2-20 g/mL. The limit of detection (LOD) of 
the LC method was 0.0055 g/mL, whereas for the UV method it was much higher, 0.4062 
ug/mL. Statistical comparison between two methods by applying the paired t-test was 
performed and no statistically significant difference was observed. 


UPLC stability indicating method was developed for degradation study of pitavastatin [67]. 
Separation of pitavastatin and its degradation products and impurities was performed in 
less then 5 min. More detailed photodegradation study of pitavastatin was conducted by 
Grobelny et al. [68]. Pitavastatin solution was exposed to UV-A radiation. HPLC analysis 
was performed to monitor the changes of pitavastatin. Identification of four photoproducts 
was conducted by MS analysis. 


A single method is reported for simultaneous determination of pitavastatin and ezetimibe 
[69]. After optimization and validation, the proposed method was successfully applied for 
determination of pitavastatin and ezetimibe in a prepared binary mixture. However, no real 
sample was tested. 
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Analyt |Application Separation Stationary phase Mobile phase 
technique and 
detector 


LOV stability HPLC Symmetry C18 (150 x |Gradient elution 
indicating study |PDA 237nm___|3.9 mm, 5 um) A: ACN 
B: 0.1% TFA 
SIM, EZE |combined HPLC Chromolith ACN:50 mM ammonium 
dosage form UV 240 nm Performance acetate (65:35) 
monolitich column 
RP-18e (250 x 4.6 mm) 


SIM HPLC Symmetry Shield RP |ACN:water (85:15) 
DAD 240 nm, |18 (250 x 4.6mm, 5 


SIM combined Acquity BEH C18 (100 |gradient elution 
dosage form x 2.1 mm, 1.7 um) ACN:ammonium acetate pH 

6 

PRA gradient elution 
A: 30%methanol+10 mM 
ammonium acetate 
B: 100% methanol + 10 mM 
ammonium acetate 

PRA stability Alltima C18 (150 x 4.6 |methanol:0.02 M phosphate 


indicating study |U mm, 5 um) buffer pH 7 


ATO, ili Perfectsil Target ODS- | ACN:0.025 M sodium 
AML indicating study |UV 237 nm 3 (250 x 4.6 mm, 5 um) |dihydrogen phosphate pH 
4.5 (55:45) 


ATO, stability UPLC BEH C18 (50 x 2.1 mm,|ACN:0.1 M phosphate buffer |40 
ASA indicating study |UV 247 nm 1.7 um) 

ATO, stability UPLC BEH C18 (50 x 2.1 mm,|ACN:0.01 M ammonium 

FEN indicating study |UV 247 nm 1.7 um) acetate pH 4.7 


ATO related PLC Zorbax XDB C18 gradient elution 
compounds V 248 nm Rapid Resolution HT |A: Tetrahydrofuran:ACN 
(50 x 4.6 mm, 1.8 um) |(90:10) 
B: 0.025M phosphate buffer 


pH3.5 

ATO, combined Phenomenex Luna 0.1% phosphoric acid: ACN 
RAM dosage form C18 (250x 4.6mm,5 = |(38:62) 

um) methanol-benzene-glacial 

Silica gel 60F254 acid (19.6:80.0:0.4) 
ATO, combined Aluminum foil silica |toluene-methanol- 
FEN dosage form gel 60 F-254 triethylamine (7:3:0.2) 
ATO, pharmaceutical {HPLC Supelco C8 (250 x 4.6 |gradient elution 56 
SIM, dosage form UV 225 nm mm, 5 um) A: ACN 


PRA ESI-QTOF MS B: phosphate buffer pH 2.3 


Analyt |Application 


ROS, combined 
EZE dosage form 


ROS, 

EZE 

PIT pharmaceutical 
dosage form 


PIT 


ROS, pharmaceutical 
ATO, dosage form 
SIM, 
LOV, 
PRA 
PRA, stability 

FLU, indicating study 
ATO, 
ROS 


Separation 
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Stationary phase 


Aluminium-backed 
silica gel 60F(254) 


Aluminum backed 
Silica gel 60F(254) 


LiChrospher RP-18 
(250 x 4.6 mm, 5 um) 


Symmetry C18 (250 x 
4.6 mm, 5 um) 
HP-1 (30 m x 0.25 mm 


Mobile phase 


ethyl acetate-methanol- 
ammoniat+1drop formic acid 
(7:2:0.8) 


gradient elution 

A: ACN 

B:10 mM phosphate buffer 
ACN:water (70:30) pH 2.5 
1.2 mL/min 

2.9 mL/min (GC) 


methanol-water (60:40)- 
PRA,ROS 
Methanol-water (70:30)- 
FLU,ATO 


LOV-lovastatin, SIM-simvastatin, PRA-pravastatin, FLU-fluvastatin, ATO-atorvastatin, ROS-rosuvastatin, PIT- 


pitavastatin, EZE-ezetimibe, AML-amlodipine, ASA-acetylsalicylic acid, FEN-fenofibrate, RAM-ramiprile, ACN- 


acetonitrile 


Table 1. Chromatographic methods for analysis of statin drugs in pharmaceuticals 


3. Bioanalytical methods 


There have been three reviews on analytical methods for the determination of HMG-CoA 
reductase inhibitors in biological samples. The first one, published by Ertiirk and co- 
workers in 2003 [70], reviews bio-analytical methods for lovastatin, simvastatin, pravastatin, 
fluvastatin and atorvastatin. The second one, published in 2007, is focused only on 
chromatography-mass spectrometry methods for the quantification of statins in biological 
samples [10]. In 2008 Novakova and co-workers [17] have published a review on HPLC 
methods for the determination of simvastatin and atorvastatin in various fields of 
application, including bioanalytical assays. Since these reviews have been published, a 
number of bioanalytical methods have been developed for all HMG-CoA reductase 
inhibitors. Most of the methods published since 2007 were applied for investigation of 
HMG-CoA reductase inhibitors in human plasma or serum. Far to our knowledge since 2007 
only two LC/MS/MS methods for determination of statins in human urine have been 
developed. The sample preparation procedures and analytical assays for quantification of 


statins in biological samples are listed in Tables 2 and 3. 
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3.1. Sample preparation 


Sample preparation is a quite tedious but still unavoidable procedure in bioanalitical 
methods. The objective of this delicate and challenging step is to transfer analyte of interest 
into a form that is purified, concentrated and compatible with the analytical system. The 
extraction and enrichment of analytes from the sample matrix are often realized by 
procedures such as, protein precipitation, liquid-liquid extraction (LLE) and solid-phase 
extraction (SPE). These conventional sample preparation procedures are still dominating in 
the preparation of biological samples for determination of statin drugs as well as their 
metabolites. 


In most of the methods protein precipitation reagent is used as a dilution solvent for internal 
standard in order to reduce the number of reagent additions [71-74]. Still, Apostolou and co- 
workers [75] suggested addition of protein precipitation reagent after the internal standard 
in order to ensure a more satisfying binding of internal standard molecules with plasma 
proteins, simulating the binding of proteins with analytes in real human plasma. A number 
of different protein precipitation reagents were tested [76]. Despite the good recoveries 
obtained with phosphoric acid, the authors recommended to avoid acidic precipitants due 
to degradation of fluvastatin in acidic conditions. The highest recoveries were obtained with 
organic solvents. Although no significant differences were observed between methanol and 
acetonitrile, the second one was used as it offered a more compact precipitate minimizing 
the risk of SPE cartridge obstruction. 


The simplest way to concentrate the analyte is certainly LLE. Hence, Hamidi and co-workers 
[73] tested a wide spectrum of organic solvents from various physicochemical categories 
with different volume fractions as well as combinations for extraction of lovastatin from 
human plasma. The best extraction efficacy was obtained using diethyl ether as extraction 
solvent. The same solvent was used for extraction of pitavastatin from human plasma [77]. 
An addition of hidrocloric acid to the plasma samples afore the extraction procedure was 
shown to be necessary in order to obtain the non-ionized form of analyte which 
considerably improved extraction efficacy. Assays employing LLE with ethyl acetate [78] 
and ethyl ether [79] as extraction solvents for determination of rosuvastatin in plasma 
samples were already published with extraction recoveries of 74 and 69%, respectively. 
However, in the preliminary study by Lan and co-workers [80], it was found that the 
extraction recovery of rosuvastatin from plasma in most common organic solvents, such as 
above mentioned ethyl acetate and ethyl ether, was less than 20%, resulting in an 
insufficient, imprecise and inaccurate extraction procedure. The authors presumed that low 
extraction efficacy of rosuvastatin was due to its extremely low water solubility. However, a 
carboxyl group in its structure forms a salt with calcium ion which indicates that 
rosuvastatin was apt to ionization. The application of ion paring with tetrabutyl ammonium 
hydroxide was suggested for improvement of rosuvastatin solubility and subsequently 
extraction efficacy. Finally, using ion paring LLE, extraction efficacy of rosuvastatin in ethyl 
acetate was improved from around 10% to more than 50%. A somewhat unusual LLE 
method for determination of timolol maleate, rosuvastatin and diclofenac in human plasma 
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and aqueous humor from the bovine eyes was proposed [81]. The mobile phase, consisted of 
acetonitrile and 0.2% triethylamine, was used as extraction solvent. The quite high 
extraction efficacy of all investigated compounds was obtained using this uncommon 
extraction solvent. 


Although LLE is generally considered to be providing cleaner extracts and lower matrix 
effect than the SPE, lower recovery due to the transfer of a fraction of the organic extract 
after the extraction may be the main disadvantage of the LLE technique. Moreover, when 
low concentrations have to be detected it is necessary to use a large solvent volumes and 
sample preparation becomes time consuming and labor invasive. In order to reduce organic 
solvent consumption, sample volume and sample preparation time, Apostolou and co- 
workers [75] have presented a fully automated high-throughput two-step LLE-LC/MS/MS 
method for the quantification of simvastatin and its acid form using a robotic liquid 
handling workstation with 96-deepwell plates. Another fully automated high-throughput 
salting-out (SA) assisted LLE-LC/MS/MS method was introduced by Zhang and co-workers 
[82]. Due to the compatibility between SALLE and LC/MS/MS, the extracts of simvastatin 
and its acid from human plasma were injected directly into LC system immediately after 
sample extraction. In this way extract solvent evaporation was eliminated and consequently 
sample preparation procedure was simplified. Also, the exposure of the extracts to the room 
temperature was minimized and hence minimal interconversion between simvastatin and 
its acid was achieved. 


Among the SPE methods, the reverse phase cartridges have been extensively used for 
extraction of statins from biological samples. Gonzalez and co-workers [76] have presented a 
nice work regarding the traditional one-variable-at a time optimization for SPE extraction of 
fluvastatin together with other drugs from human plasma. The optimization of conditioning 
and washing solution composition, pH for conditioning and washing step and elution 
solvent selection were described in details. The SPE procedure has also been used as sample 
preparation step for quantification of atorvastatin and simvastatin as well as their 
metabolites in serum from patients with end stage renal disease [83]. In order to obtain the 
satisfactory and repeatable extraction efficacy and to remove matrix effects, several different 
reversed-phase SPE sorbents have been tested. The best results were obtained using 
ZORBAX SPE C-18 (Agilent Technologies) and Discovery DSC-18 SPE (Supelco) cartridges. 
As ZORBAX SPE C-18 columns were withdrawn from commercial market circulation 
during optimization of method, further investigations were performed using Discovery 
DSC-18 SPE cartridges. For the purpose of minimization of the interconversion between 
lacton and open-ring hydroxy acid forms of simvastatin and atorvastatin, SPE sorbents were 
conditioned and analytes were eluated with solvents containing 0.1 M acetate ammonium 
buffer pH 4.5. In the work of Di and co-workers [84) SPE sample preparation procedure was 
used for determination of pitavastatin with rosuvastatin as internal standard in human 
plasma. The influence of pH on extraction efficacy of statin drugs was investigated in detail. 
The authors have pointed out importance of 0.5 M potassium dihydrogenphosphate buffer 
(pH 4.0) as conditioning reagent for cartridges. At pH lower than 4 both molecules were 
protonated, leading to a decrease in its partitioning in reversed-phase SPE and recovery. At 


401 


402 Chromatography — The Most Versatile Method of Chemical Analysis 


pH higher than 4, the carboxylic group in both pitavastatin and rosuvastatin undergo 
ionization, which also resulted in a decrease in the recovery for the same reason. 
Furthermore, it was found that pitavastatin degradation was much faster at lower than at 
high pHs. Also, it was found that pitavastatin was sensitive to sunlight. It was 
recommended to minimize the exposure of samples to sunlight as well as to dissolve the 
dried extract rather in methanol and water than in mobile phase containing formic acid. 


To reduce the time of sample preparation, Mertens and co-workers [85] have used an 
automated SPE on disposable extraction cartridges to isolate pravastatin and its metabolites 
together with fenofibric acid, another lipid-regulating agent, from the human plasma and to 
prepare cleaner samples before injection and analysis in the LC/DAD/MS/MS system. 
Different kinds of disposable extraction cartridges containing bonded silicas of different 
polarities (ethyl, endcapped ethyl, octyl, endcapped octyl, octadecyl, endcapped octadecyl 
and cyanopropyl) were tested. The best recoveries for all investigated compounds were 
reported when disposable extraction cartridges filled with octyl functionalized silica sorbent 
were used. 


Unfortunately, conventional SPE and LLE approaches are multi-step, time-consuming and 
the sample required for analyses as well as the consumption of organic solvent are quite 
high, particularly in case of LLE. A solvent-minimized sample preparation approach has 
been popular in last decades, therefore Farahani and co-workers [71] have published liquid- 
liquid-liquid microextraction procedure (LLLME), a miniaturized format of LLE, for 
determination of atorvastatin in human plasma. A number of factors affecting the 
microextraction efficiency were studied in detailed and the optimized conditions were 
established. They have obtained quite high extraction efficacy of atorvastatin from human 
plasma using proposed sample preparation procedure. Vl¢kova and co-workers [86] have 
developed fast and simple extraction procedure using microextraction by packed sorbent 
(MEPS) for sample purification and concentration of atorvastatin and its metabolites from 
human serum. Briefly, MEPS is a miniaturization of conventional SPE, but it differs from 
commercial SPE by fact that packing is inserted directly into the syringe, not into a separate 
column. In addition, they have compared a previously described [83] SPE procedure for 
extraction of atorvastatin and its metabolites from human serum with newly developed 
MEPS approach. The results of samples treated by SPE and MEPS were compared by means 
of Student t-test. The difference between obtained concentrations was statistically not 
significant. Hence, MEPS procedure was found to be simpler and faster sample preparation 
technique using smaller volume of sample, which is regardful to the patients and smaller 
volume of solvents, which is environmentally friendly. 


3.2. Liquid chromatography 


3.2.1. High performance liquid chromatography 


The high performance liquid chromatography has become the method of choice for 
bioanalytical methods. Generally, in the HPLC methods reversed-phase C18 
chromatographic columns were used for analysis of statin drugs in biological fluids. The 
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recently developed columns based on BEH particles technology were employed in several 
methods [83, 86, 87]. Only in one assay reversed-phase C8 chromatographic column was 
used [88]. Unusually, reversed-phase narrow bore phenyl column was employed for 
investigation of atorvastatin, rosuvastatin and their metabolites [74, 89]. The length and 
diameter of columns differed fairly from 50 to 250 mm and from 2.0 to 4.6 mm, respectively. 
Although in most of the cases columns with particle size 5 um were used, several authors 
preferred columns with smaller particles in order to obtain better peak shapes, resolution 
and thus shorter analysis time [72, 82, 83, 86, 87]. Analytical run times have been very 
variable, the shortest 2 min, the longest about 20 min. 


The selection of mobile phase was quite a challenging task in all investigations. In most of 
the methods acetonitrile or methanol were present in the mobile phase as organic solvent. 
The percentage of organic solvents was optimized such that the retention times of analytes 
were kept as short as possible. In most assays percentage of organic solvent was quite high, 
usually more than 70%. The majority of publications emphasize the pH as the most critical 
variable for separation of the statin drugs [76, 82, 84]. In order to minimize the 
interconversion, it is critical to maintain pH of mobile phase between 4 and 5. 


The influence of mobile phase pH on retention of atorvastatin and rosuvastatin has been 
investigated [90]. Since both of the analytes are acidic compounds, their retention on the 
reversed-phase column was expected to be pH dependant. When pH of the mobile phase 
was decreased from 4.0 to 3.0, the retention times of the analytes decreased unexpectedly 
and with further decreases in the pH to 2.0 the retention times increased once again. This 
behavior was explained by a change in binding of the analytes to the stationary phase and 
also changes in the solubility of the analytes in the mobile phase. The pH 3.0 was chosen as 
optimum pH because of the reasonable retention times while the resolution between peaks, 
as well as peak shapes, were satisfactory. 


The pH of mobile phase was also a critical variable for the separation of the fluvastatin from 
valsartan and its metabolite during the optimization of LC/PDA/FLD method [76]. The pH 
of the mobile phase was limited by the native fluorescence of valsartan and its metabolite, 
which disappears in the basic form (pKa = 3.7). On the other hand, spectrophotometric 
studies showed that fluvastatin degradation was accelerated in acidic conditions. Mobile 
phases with different formic acid/formate proportions were tested in order to establish the 
range where fluvastatin was stable and valsartan and its metabolites kept their fluorescence. 
0.01% formic acid/10 mM ammonium formate (pH 4.1) was finally chosen as appropriate 
buffer. Uncommon pH was used for quantification of lovastatin in human plasma [73]. 
Mobile phase consisted of acetonitrile and 0.05 M phosphate buffer with pH 7, adjusted with 
phosphoric acid. 


The flow rate of the mobile phase was in range from 0.2 up to 1.5 mL/min. In all of the 
assays the flow rate did not change during the chromatographic analysis except in the 
reference [76] where the flow rate was gradually changed after three minutes. 


The chromatographic separation of most of the methods was performed at room 
temperature. In order to shorten analysis time, in the several cases the column temperature 
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Extracted analytes i i PP reagent / 
LLE reagent / 
SPE eluent 


methanol , HCl, 
trichloroacetic acid 
/1-octanol 


SIM, MET methanol:water 
IS=propranolol (1:1) 


ROS + metabolites plasma PP 0.1% acetic acid in}88-106 74 
FLU, VAL + metabolite,|plasma PP, SPE Phenomenex ACN/methanol 78-91 
CLT Strata-X 

IS=candesartan cilexetil polymeric C18 

ROS plasma  |LLE ethyl ether 
ISeydrehlorohacde eel 
IS=estrone 


ROS, TIM, DIC methanol/mobile 
IS=naproxen i phase 


N 
Oo 


Nq 
Ro e 
Ure 


SIM, SIM-acid ACN, 5 M 
IS=deuterium labeled ammonium 
formate buffer (pH 
4.5) 
SIM, ATO + metabolites Supelco ACN:0.1 M 
IS= deuterium labeled Discovery DSC-Jammonium acetate 
18 buffer pH 4.5 (95:5) 
Supelco methanol 
Superclean™ 
LC-18 SPE 
Tubed 
PRA + metabolites, FFA Disposable methanol 
1S=triamcinolone extraction 
cartridges 
silica sorbent 
ATO + metabolites ACN:0.1 M 
IS=deuterium labeled ammonium acetate 
pH 4.5 (95:5) 
PIT, PIT-lactone methyl-terc-butyl 
IS=racemic i-prolact i ether 


PRA, ASA 
IS=furosemide 


SIM-simvastatin, PRA-pravastatin, FLU-fluvastatin, ATO-atorvastatin, ROS-rosuvastatin, PIT-pitavastatin, FFA- 
fenofibric acid, TIM-timolol maleate, MET-metoprolol, DIC-diclofenac, VAL-valsartan, ASA-acetylsalycilic acid, CLT- 
chlorthalidone, ACN-acetonitrile, IS-internal standard 


Table 2. Sample preparation procedures utilized for the determination of statins in biological samples 
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was maintained above 30 °C [76, 77, 81, 83, 86, 87]. The effect of column oven temperatures 
on the analysis of atorvastatin and rosuvastatin in the range 25 to 35 °C was investigated 
and best results were observed at 25 °C in terms of retention factor and resolution [90]. 
Increasing temperature above 25 °C resulted in the rapid elution of rosuvastatin close to the 
solvent front. 


LC/DAD methods are rarely sensitive enough for quantification of statins as well as their 
metabolites in human plasma samples due to the poor UV-absorption properties of statin 
molecules. Furthermore, the levels of statins and their metabolites in biological fluids are 
very low due to low amount of drug reaching the systemic circulation. Their typical plasma 
concentrations are in ng/mL levels. However, several sensitive LC/DAD methods for 
determination of pravastatin [31], atorvastatin [71], lovastatin [73], rosuvastatin [81], and 
atorvastatin with rosuvastatin [90] have been developed with limit of quantification (LOQ) 
in range of 1 - 10 ng/mL. Less sensitive LC/DAD method for quantification of lovastatin in 
human plasma was developed [91]. The LOQ value for lovastatin was relatively high, 400 
ng/mL. Another even less sensitive LC/DAD method for quantification of several HMG- 
CoA reductase inhibitors in human plasma was developed by Sultana and co-workers [92]. 
The LOQ values were between 376 and 1006 ng/mL. In fact, both of these methods were not 
used on real plasma samples. 


Fluorescence detection has not been widely employed in the determination of HMG-CoA 
reductase inhibitors, as most of statins do not possess a natural native fluorescence. Still, 
Gonzalez and co-workers [76] have developed a SPE-HPLC/PDA/FLD method for 
determination of fluvastatin and valsartan in human plasma. Comparing results obtained 
with spectrophotometic and fluorimetric detector superior selectivity and sensitivity by 
fluorescence detection of fluvastatin could be perceived. 


3.2.2. Ultra performance liquid chromatography 


Recently UPLC is becoming a leading chromatographic technique in modern bio-analytical 
methods. Novakova and co-workers [83] have investigated its potential in combination with 
MS/MS detection for the fast, sensitive, reliable and selective detection of atorvastatin and 
simvastatin together with their main metabolites and interconversion products in human 
serum. Iriarte and co-workers [87] have investigated UPLC technique as a faster alternative 
to HPLC for simultaneous analysis of fluvastatin and other drugs usually prescribed in 
cardiovascular therapy. Acquity UPLC Columns Calculator software was used for transfer 
of previously developed HPLC method [76]. 


The UPLC technology has significantly improved the method optimization process since shorter 
analysis and re-equilibration times allowed a greater number of experimental testing conditions 
than with a conventional HPLC. The sample volume required was much lower than in HPLC 
method. Furthermore, shorter analysis time together with slower flow rates reduced the organic 
solvent consumption. The sharper and higher chromatographic peaks, thereby improved peak 
capacity, was obtained using UPLC technology. Still, the sensitivity of UPLC method was found 
to be analyte dependent as the improvement was not achieved for all analytes. 
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3.2.3. Liquid chromatography coupled to tandem mass spectrometry 


In pharmacokinetic investigations of statins LC/MS/MS technique is unequivocally the 
method of choice. Recently, several procedures were described in the literature taking the 
advantages of the benefits of mass spectrometry. Both ESI and APCI sources as well as triple 
quadrupole analyzator were applied in most LC/MS/MS sample analysis. 


As it was mentioned above the selection of appropriate mobile phase composition for 
determination of statins in biological fluids is quite challenging task which is even more 
complicated when detection and quantification of statins is performed using MS. Only few 
additives could enable good stability at pH range 4 to 5 as well as volatility and sensitive 
mass spectrometric response. Therefore, Di and co-workers [84] have pointed out the 
importance of the formic acid in lowering the pH of mobile phase. In this way pitavastatin 
was obtained in non-ionized form and a symmetrical peak shape was observed. The 
concentration of formic acid was optimized not only to maintain a symmetrical peak shape 
in the chromatographic system but also to render good ionization and fragmentation of 
pitavastatin in the MS/MS detector. An addition of 0.025% formic acid to the aqueous phase 
was found to be an important factor for acquiring the high sensitivity of another LC/MS/MS 
method for determination of pitavastatin in human plasma [77]. 


Novakova and co-workers [83] have presented a nice example of optimization of the buffer 
pH and concentration in order to get the best signal to noise ratio of MS detector. 
Ammonium formate and ammonium acetate at pH 4.0 and 4.5 were tested at the 
concentration range 0.01 to 10 mM. The best response of atorvastatin and simvastatin was 
observed at 0.5 mM buffers. The concentrations higher than 5 mM significantly decreased 
the response of mass spectrometer. On the other hand, the concentrations lower than 0.5 
mM were not sufficient to keep buffering capacity and thus had negative influence to the 
response of mass spectrometer. Ammonium acetate was preferred before ammonium 
formate because of better peak shapes. Finally, the optimized mobile phase composition was 
70% of acetonitrile and 30% of ammonium acetate buffer 0.5 mM (pH 4.0). In most of 
bioanalytical methods isocratic elution has been utilized, still when more analytes with 
different polarities were separated, gradient elution had to be applied. 


Tandem mass spectrometry detection for identification and quantification of simvastatin 
and atorvastatin together with their metabolites and lacton/hidroxy acid interconversion 
forms was employed [83, 86]. All analytes were monitored using electrospray positive 
ionization (ESI*) mode and for all analytes protonated molecule [M+H]* was the most 
intensive ion in mass spectra. Quantification of all analytes was performed using selected 
reaction monitoring (SRM) and two specific transitions were optimized for each molecule in 
order to increase selectivity and sensitivity of the method. In the paper published afterwards 
simvastatin in its lactone form was determined in ESI* mode, while its hydroxy acid form 
was determined in ESI mode due to poor sensitivity of hydroxy acid form in positive ion 
mode [82]. 


LC/MS/MS method developed by Apostolou and co-workers [75] consisted also of two 
periods combining both negative and positive ionization modes. The mass spectrometer 
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operated in the negative detection mode for 1.21 min until simvastatin and lovastatin 
hydroxy acid forms were eluted from chromatographic column. Afterwards a period of 0.69 
min followed in the positive mode during witch simvastatin and lovastatin lacton forms 
were eluted. Comparing LOQ values for simvastatin acid obtained by these three methods it 
can be seen that lower LOQ values and thus better sensitivity were obtained in the last two 
methods. Unfortunately, simvastatin forms various adducts influenced by mobile-phase and 
matrix composition and such adducts sometimes give higher intensity than protonated 
molecule [M+H]*, which is an ideal precursor ion for SRM transition and quantification 
studies. However, Senthamil Selvan and co-workers [72] have observed very high signal of 
[M+Na]* in the spectra of simvastatin next to the [M+H]*. Consequently, it was used as 
precursor ion for quantitation of simvastatin. Also, Zhang and co-workers [82] have used 
the methylammonium aduct [M+CH3NHa]* as a parent ion for simvastatin because the 
adduct ion showed the best signal to noise ratio. 


Rosuvastatin has a pyrimidine ring and a carboxylic group in its structure, hence it could be 
detected either in positive or negative ionization mode. However, the quantification of 
rosuvastatin in positive ionization mode is more common and was used for determination 
of rosuvastatin [80] and rosuvastatin together with its metabolites [74], respectively. In the 
both assays the major ion was protonated molecule [M+H]* in full-scan mode and principal 
product ion was at m/z 482. Macwan and co-workers [74] have also reported two minor 
fragments at m/z 300 and m/z 272. 


During the method development, Gao and co-workers [79] also attempted to optimize ESI 
conditions under positive ionization mode. However, the observed signal intensity was not 
sensitive enough for determination of expected rosuvastatin’s concentrations, especially for 
low dosage administration. Low sensitivity of positive ionization mode could be explained 
by a number of fragment ions produced in the product ion spectrum of [M+H]*. In order to 
improve the sensitivity of the method, the negative ESI detection was taken into 
consideration. Under negative ESI mode, rosuvastatin produced abundant deprotonated 
molecule [M-H] at m/z 480. In the product ion mass spectrum of [M-H]-, fewer fragment 
ions were formed compared with that of [M +H]*. Also, it was pointed out that negative ESI 
mode produced lower chemical background noise than positive. Comparing LOQ values 
obtained by these three methods, it can be observed that almost five times lower LOQ value 
for rosuvastatin was obtained using negative ESI detection. 


Pitavastatin has similar structure to rosuvastatin. It contains alkaline nitrogen ion on the 
quinoline ring and a carboxylic group, therefore positive and negative ionization mode 
could be also employed. Both of ionization modes for determination of pitavastatin in 
human plasma and urine by LC/MS/MS method were applied [84]. The results showed that 
the response intensity of pitavastatin in negative mode was lower and furthermore the 
response was quite unstable. Pitavastatin was scanned under Q1 MS full-scan mode to 
determine the parent ion and under Q1/Q3 product ion scan mode to locate the most 
abundant production. The protonated molecular ion, [M+H]*, was the predominant ion in 
the Q1 spectrum and was used as the parent ion to obtain the product ion spectra. The most 
sensitive mass transition was from m/z 422.0 to 290.1, which was similar to the MS/MS 
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spectrum of pitavastatin reported in reference [88] and [93], while in the previously 
reported LC/MS/MS method the highest collision energy gave the most abundant product 
ion at m/z 318.0 [77]. 


Recently, two LC/MS/MS methods have been developed for determination of pravastatin in 
human plasma [85, 94]. Both methods utilized ESI but in different modes. In the method 
developed by Martens and co-workers [85] the mass spectrometer was operated in the 
positive mode. The MS/MS detection was set up in MRM mode. The full scan mass spectra 
of pravastatin and its metabolites were scanned. The collision energy in Q2 produced 
different significant fragment ions. The MS/MS ion transitions selected for quantification 
purpose were m/z 442.2 to 269.1, 442.2 to 269.1 and m/z 424.3 to 183.0 for pravastatin, 3-OH 
metabolite and its lacton form. On the contrary, Polagani and co-workers [94] have found 
high sensitivity and stability using negative ionization mode. Deprotonated form of 
pravastatin, [M-H] ion was the parent ion in the Q1 spectrum and was used as the precursor 
ion to obtain Q3 product ion spectra. The most sensitive mass transition was monitored 
from m/z 423.3 to 100.8. 


Internal standards have been used in most of the assays leading to more corrected results. In 
some cases one of the statins has been used as internal standard [73, 75, 77, 84], while other 
works utilized internal standards of various structure, including hydrochlorothiazide [79], 
estrone [80], naproxen [90], gemfibrozil [91], pioglitazone [95] etc. The best internal 
standards for precise and accurate quantification in MS or tandem MS are stable-isotope- 
labeled standards. Only a few works employed deuterium labeled standards [74, 82, 83, 86]. 
In the case of atorvastatin, [d5] labeling usually occurs on the phenyl ring, which does not 
contain fluorine. [d3] labeling of simvastatin occurs on the side chain, while [d6] labeling of 
rosuvastatin occurs on isopropyl group attached to pyrimidin ring. In most of investigations 
only one compound was used as internal standard. 


However, Mertens and co-workers [85] have used two different internal standards for 
quantification of fenofibric acid, pravastatin and its metabolites in human plasma by 
automated SPE-LC/DAD/MS/MS technique. To avoid the need for plasma dilution and two 
time-consuming analytical runs, the use of two internal standards was necessary as the 
concentration of fenofibric acid was too high and MS signal appeared saturated. Hence, the 
sulindac was selected for the quantification of fenofibric acid by UV-detector, while the 
triamcinolone was used for MS/MS quantification of pravastatin and its metabolites. As it 
was mentioned above, in the method developed by Zhang and co-workers [82], the 
LC/MS/MS data acquisition for simvastatin was conducted in positive ionization mode, 
whereas the data acquisition for simvastatin acid was conducted in negative ionization 
mode. Therefore, it was inevitable to use two internal standards deuterium labeled 
simvastatin and deuterium labeled simvastatin acid, respectively. 


3.3. Gas chromatography 


Several GC/MS methods for determination of statins in biological samples have been 
reported [10]. Unfortunately, these methods are limited and not recommended for routine 
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applications as they include analyte derivatization step prior to anaysis in order to obtain 
volatile derivatives of the drug molecule and therefore a complicate sample preparation 
procedures. 


Simultaneous determination of lovastatin, simvastatin and pravastatin in plasma using GC 
with chemical ionization mass spectrometry has been described [70]. The analytes were 
isolated from plasma by SPE procedure which separated the lactone and acid forms of the 
drugs. The lactone forms were converted to the corresponding acid forms, which were 
subsequently derivatized by pentafluorobenzylation of the carboxyl group, and 
trimethylsilylation of the hydroxyl functions. The method has sufficient sensitivity for the 
analysis of clinical samples containing the drugs administered at therapeutic doses with 
recoveries between 79 and 90%. In another method, simvastatine and its acid form were 
derivatized with ferroceneboranic acid. 


Far to our knowledge since 2001 no method for determination of statin drugs in biological 
samples using gas chromatography has been published due to imprecise and time 
consuming derivatization procedures which is an unavoidable step in analysis of statin 
molecules and the biggest disadvantage of using this technique. 


3.4. Pharmacokinetic studies 


Since all HMG-CoA reductase inhibitors are given to the patients once daily, monitoring 
plasma concentrations over a period of 24 hours is necessary. In all published papers 
monitoring plasma concentration levels were performed at least over 24 hours, except in 
references [74, 89] were the blood samples were collected at various time points during a 
period of 12 hours after a single oral dose of rosuvastatin and atorvastatin, respectively. 
Also, in pharmacokinetic and bioavailability study of simvastatin in healthy volunteers and 
moderately hyperlipemic patients' drug plasma concentrations were monitored during 12 
hours [96]. In the most of investigations pharmacokinetic parameters of statins were 
investigated after only one pharmaceutical tablet dosage. 


Pharmacokinetic parameters of rosuvastatin have been investigated after single doses of 5, 
10 and 20 mg [79]. The peak plasma levels obtained from this study were 8.32, 14.8 and 20.1 
ng/mL, respectively. It was found that plasma exposure to rosuvastatin appeared increasing 
dose-proportionally and the plasma elimination half-lives were prolonged with increased 
doses. Not so many methods for determination of statins in human urine have been 
developed. The SPE-LC/MS/MS method was successfully applied to quantify the 
pitavastatin concentration in plasma and urine which were collected from Chinese 
volunteers [84]. The urinary excretion ratio of pitavastatin accounted for less than 0.6%, 
which suggested that pitavastatin was not excreted primarily by kidney. Quite similar data 
were obtained using LLE-LC/MS/MS method [88]. 


Several above described bioanalytical assays have been used in bioequivalence studies of 
statin drugs. The pharmacokinetic parameters derived from drug plasma concentrations, 
including maximum plasma concentration, area under the plasma concentration-time curve 
from 0 h to the last measured data, area under the plasma concentration-time curve from 0h 
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Matrix / Stationary phase |Mobile phase 
Sample 
preparation 


rs 


ROS + metabolites, Agilent Zorbax-SB_ |gradient elution 
IS=deuterium labeled Phenyl, Rapid A: 0.1% glacial acetic acid 
Resolution HT (100 Jin 10 % methanol in water 
x 2.1mm, 3.5 um) |B: 40% methanol in ACN 
SIM, SIM acid YMC ODS-A (50x JACN:5 mM ammonium 
IS= LOV, LOV acid 4.0 mm) acetate pH 4.5 (82:18) 


Oo 


FLU, VAL + metabolite, Waters Atlantis gradient elution 
CLT dC18 (100 x 3.9,3 |A: ACN, 0.01% formic acid, |UV 229, 254, 
IS=candesartan cilexetil lum) 10 mM ammonium formate |236 nm 

B: 0.01% formic acid, 10 FD 254, 378 

mM ammonium formate 

pH4.1 
ROS Agilent Zorbax methanol:water (75:25), p. 
IS=hydrochlorothiazide XDB-C18 (150 x 4.6 |6.0 with ammonia 

mm, 5 um) 


lon 


Ne} 


SIM, SIM-acid, ATO + Waters Acquity gradient elution 

metabolites UPLC™ BEH C18 |A: ACN 

IS=deuterium labeled (100 x 2.1mm, 1.7. |B: 0.5 mM ammonium 
um) acetate buffer pH 4.0 


rs 


Shimadzu Shim- methanol:water:formic acid 
pak VP-ODS (150 x |(75:25:0.05) 
4.6 mm, 5 um) 


PRA + metabolites, FFA Phenomenex ACN:methanol:5 mM 
IS=triamcinolone Synergi Max-RP {ammonium acetate buffer 
(150 x 2 mm, 4 um) |pH 4.5 (30:30:40) 


ol 


ATO + metabolites Waters BEH Cis gradient elution 
IS=deuterium labeled (100 x 2.1mm,1.7 |A: ACN 
lum) B: 0.5 mM ammonium 
acetate pH 4.0 
FLU, VAL + metabolite, Waters Acquity gradient elution 
CLT UPLC™ BEH C18 |A: 10 mM ammonium 
IS=candesartan cilexetil (50 x 2.1 mm, 1.7 formate, 0.01% formic acid 
uum) B: ACN, 10 mM 
ammonium formate, 0.01% 
formic acid, pH 4.1 
PIT, PIT-lacton ine |Thermo BDS methanol:0.2% acetic acid 
IS=racemic i-prolact Hypersil C8 (50 x jin water (70:30) 
2.1 mm, 3 um) 


fee) 
N 


wo 


ioe) 
co 


LOV-lovastatin, SIM-simvastatin, PRA-pravastatin, FLU-fluvastatin, ATO-atorvastatin, ROS-rosuvastatin, PIT- 
pitavastatin, VAL-valsartan, FFA-fenofibric acid, CLT-chlorthalidone, ACN-acetonitrile, IS-internal standard 


Table 3. Analytical methods for the determination of statins in biological samples 
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to the infinity, the time to reach peak concentration, the apparent elimination rate constant, 
showed that there was no statistically significant difference between two investigated 
pharmaceutical formulations [72, 73]. 


Not so many chromatographic methods have been developed for the quantification of 
HMG-CoA reductase inhibitors in combination with their metabolites. They undergo 
quite extensive first-pass metabolism during witch active and inactive metabolites are 
produced. The actual plasma concentrations of both parent compounds and metabolites 
are of major interest in pharmacokinetics studies. Therefore, analytical methods for 
simultaneous determination of statins and their metabolites are quite valuable. Although 
simultaneous determination of statins and their metabolites was considered being 
difficult owing to the different polarities of the analytes, several methods have been 
published. 


Recently, Apostolou and co-workers [75] published fast and fully automated LLE- 
LC/MS/MS method, while Zhang and co-workers [82] presented a high-throughput salting- 
out assisted LLE-LC/MS/MS method for simvastatin in lactone and acid form. Both of 
methods were very fast with analytical runs less than two min and fairly sensitive with LOQ 
values around 0.1 ng/mL. Novakova and co-workers [83] have developed fast selective and 
reliable SPE-UPLC/MS/MS method for simultaneous determination of simvastatin and 
atorvastatin as well as their active and inactive metabolites. The main advantage of the 
method was applicability of the method for determination of two clinically widely used 
statins using one sample preparation procedure and one chromatographic run, while the 
main limitation of study was slightly higher LOQ value obtained for simvastatin in open- 
ring hydroxy acid form. 


More recently Vl¢kova and co-workers [86] have presented a new MEPS-UPLC method for 
determination of atorvastatin and its metabolites, faster and more sensitive comparing to 
previously published ones. A simple, fast and reproducible method for determination of 
rosuvastatin and metabolites in human plasma has been described [74]. The major 
advantages of the method were the requirement for small plasma volume and simple 
sample preparation procedure, protein precipitation. The major limitation of method was its 
inability to determine N-desmethyl rosuvastatin in the patient samples although its LOQ 
was quite low, 0.5 ng/mL. The patients included in the study took a single dose of 
rosuvastatin at 20 mg. N-desmethyl rosuvastatin is a minor metabolite that is present in 
much lower concentrations than rosuvastatin. Therefore, the authors anticipate that the 
methods should be sensitive enough to measure its concentration in patients receiving 
rosuvastatin on a routine basis. 


A sensitive and accurate procedure based on solid-phase extraction coupled at-line to a 
LC/MS/MS for determination of pravastatin and its two metabolites in human plasma has 
been presented [85]. Optimized and validated LLE-LC/MS/MS method for determination of 
pitavastatin and its lacton form in human plasma as well as in urine is described [88]. 
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Furthermore, a LC/MS/MS method for separation of fluvastatin from its threo isomers 
metabolites to support a bioequivalence study has been developed [97]. 


The advantage of the methods for simultaneous determination of several co-administered 
drugs is that the one sample preparation and one chromatographic run are required for 
monitoring therapeutic levels of several drugs. Therefore, these methods could be useful in 
daily routine sample handling, when many samples from patients taking different drugs 
together with HMG-CoA reductase inhibitors are analyzed in clinical laboratories. Recently, 
several chromatographic methods have been developed for the quantification of statin 
drugs in combination with other drugs, most of them are commonly used in treatment of 
cardiovascular disease: atenolol, spironolactone, glibenclamide [61], metoprolol succinate 
[72], valsartan and chlorthalidone [76, 87], timolol maleate, diclofenac sodium [81], 
fenofibric acid [85], ezetimibe [91], ceftriaxone [92], acetylsalicylic acid [94], amlodipine [98] 
and losartan, atenolol, acetylsalicylic acid [99]. 


Recently, several papers were published regarding prediction of statins’ pharmacokinetics. 
In our work the usefulness of reversed-phase high performance chromatography in building 
models that would allow the prediction of pharmacokinetics parameters of statins was 
evaluated [100]. In order to get better insight into the nature of their chromatographic 
behavior, the retention times were measured using octyl and octadecyl chromatographic 
columns. Obtained chromatographic data were compared with pharmacokinetic parameters 
predicted by use of 17 different computer programs. Significant correlations were found 
between chromatographic data and lipophilicity of statins. In addition, with the combine set 
of descriptors (chromatographic data, solubility, quantum chemical and topological indices) 
the highly significant correlations with pharmacokinetic parameters have been found, which 
confirms the utility of HPLC technique for prediction of pharmacokinetic behavior of statin 
drugs. 


In order to predict the bioavailability of statins, the association mechanism with 
phosphatidylcholine using immobilized artificial membrane high performance liquid 
chromatography technique was studied. Moreover, the thermodinamic driving forces for 
the statin molecules with phosphatidylcholine monolayers were analyzed in detail [101]. 


4. Capillary electrophoresis 


Capillary electrophoresis (CE) is an alternative separation technique which is designed to 
separate species based on their size to charge ratio in an electric field in the interior of a 
small capillary filled with background electrolyte. Driving forces in CE are electrophoretic 
migration and the electro-osmotic flow (EOF). CE has become a useful tool in 
pharmaceutical analysis because of its advantages over other separation techniques, such as 
high resolution, high selectivity, simplicity, short analysis time, cost efficiency and low 
consumption of solvents and reagents [102]. Mainly employed CE modes for drug analysis 
are capillary zone electrophoresis (CZE) based on charge-to-mass ratio and micellar 
electrokinetic chromatography (MEKC) based on chromatographic partition of analytes 
between micelles and background electrolyte. MEKC is the most appropriate electrophoretic 
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technique for impurity profiling because the neutral compounds and charged components 
that have similar electrophoretic mobilities can be separated simultaneously [103]. CE is 
currently recommended in several pharmacopoeias. Principal advantage of CE over well- 
established and widely used HPLC technique is its ability to deliver high efficiency in short 
analysis times [104]. However, CE methods proposed for the determination of statin drugs 
are scarce. 


CE has been applied for determination of pravastatin in fermentation broth in order to 
optimize its production in bioreactors [105]. Pravastatin is produced in two-step 
fermentation. In the first step, mevastatin is produced by P. citrinum, and in the second step, 
bioconverted to pravastatin by S. carbophylus. The method successfully separated 
pravastatin from interfering matrix, mevastatin and 6-epi pravastatin. Its determination in 
production media was also performed using two HPLC methods. All three proposed 
methods had runtimes under 1 min. However two HPLC methods, performed on a particle 
and a monolithic LC column had superior sensitivity compared to MEKC, with LOD around 
0.01 ng/mL, 0.2 ng/mL and 20 ng/mL, respectively. 


We have developed CZE method for determination of pravastatin in pharmaceutical 
dosage form [106]. Rapid migration of negatively charged pravastatin molecule was 
obtained in alkaline buffer by the application of electric field of 30 kV. The alkaline buffer 
generated strong EOF that enabled determination of a fully charged drug molecule within 
2.5 min. Pravastatin retention time is about 21 min in the assay procedure listed in 
European Pharmacopoeia (Ph. Eur.) using the HPLC with UV detection. Relatively short 
analysis time is the main advantage of the CZE method developed. Pravastatin is 
administered to patients in its active form as the hydroxy acid sodium salt. However, the 
drug exists in solution with its lactone equilibrium product reversibly formed at acidic 
pH. Pravastatin is also susceptible to an isomerization reaction which is relatively rapid 
[107]. The MEKC method was established to separate the drug and its degradation 
products in acidic media. Introduction of sodium dodecyl sulphate (SDS) in the 
background electrolyte solution plays a key role in the separation of negatively charged 
and neutral species. The proposed method allows baseline separation of pravastatin, C-6 
epimer of pravastatin and their corresponding lactone forms that appear as 
interconversion products depending on the pH value. The migration times of degradation 
compounds ranged from 2.8 to 6.2 min. The above mentioned interconversion compounds 
of pravastatin represent its related impurities defined in Ph. Eur. and are also potential 
biotransformation products. CE has also been applied to the screening of anionic 
impurities in bulk drug [108]. 


The application of CE to rapidly quantitate lovastatin production levels by Aspergillus 
terreus mutants has been described [109]. The fermentation broths of thousands of 
mutated strains were efficiently and inexpensively screened for increased lovastatin 
production by the developed high-throughput method. Determination of lovastatin in the 
presence of its oxidation products after exposure to an oxidative atmosphere has been 
carried out using CE technique [110]. The method developed is suitable for the routine 
analysis of lovastatin. 
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The quantitative analysis of lovastatin in urine samples based on CE has significance for the 
control of clinical therapy [111]. The concentration sensitivity is poor in CE because of the 
short optical path length limited by the inner diameter of the capillary and small volume of 
sample injected. Such low sensitivity has hampered the use of this method in clinical drug 
monitoring. However, the sensitivity was enhanced by using a simple stacking method for 
the determination of trace lovastatin in biologic fluids. 


The CZE method was developed for the separation and determination of lovastatin as active 
ingredient in the red yeast rice product [112]. Prior to determination, lovastatin was 
extracted from capsule by ethanol. In this study, high pH (10.5) was selected in order to 
convert lovastatin to its acidic form completely. However, earlier reported studies revealed 
that lovastatin and lovastatin hydroxy acid are the two main components which contribute 
to up to 90% of the total quantity of monacolins in the read yeast rice [13]. Hence, the main 
disadvantage of the proposed CE method is that the content of the main components 
contributing to the pharmacology effect in red yeast rice supplement was not determined 
individually. 


Only one CE method for the analysis of simvastatin is available till date [113]. This method 
was developed for the quanitication of both lovastatin and simvastatin in pharmaceutical 
dosage forms. 


In the literature, CZE method has been reported for determination of atorvastatin [114]. The 
separation was optimized on capillary, but it was further miniaturized to a microchip 
platform with linear imaging UV detection. Even though CE is a rather good alternative for 
evaluation of impurity profile and enantiomeric purity of a drug, it is not enough applied. 
Therefore, we have developed a new MEKC method for separation and simultaneous 
quantitation of atorvastatin and its related substances diastereomer-atorvastatin, desfluoro 
atorvastatin, atorvastatin methyl ester and atorvastatin lactone [115]. The separation was 
carried out in an extended light path capillary in order to improve sensitivity at applied 
voltage of 30 kV using a background electrolyte consisting of 10 mM sodium tetraborate 
buffer pH 9.5, 50 mM SDS and 20% (v/v) methanol. Separation of neutral compounds from 
each other requires partitioning into charged micelles that migrate at a different rate from 
the EOF. The addition of methanol to the running buffer resulted in a very effective choice 
to achieve resolution between the peaks of charged substances adjacent to atorvastatin as 
well as the peaks of neutral drug-related substances. Linear calibration curves were 
established over the concentration range 100-1200 pg/mL for atorvastatin and 1.0-12.5 
ug/mL for related substances. The applicability of the proposed MEKC method to the assay 
of atorvastatin in the presence of its related substances was investigated by analyzing the 
bulk drug provided by different manufacturers and various commercial formulations. The 
use of very low volumes of electrolyte (UL) and samples (nL) make the new MEKC 
procedures very interesting for determination of atorvastatin, purity evaluation and 
quantification of drug-related substances in a single analysis. The drawback of the proposed 
MEKC method is lower sensitivity compared to one obtained by RP-LC method for the 
same related substances [45]. The published UPLC method for simultaneous determination 
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of atorvastatin and fenofibrate has better sensitivity and runtime of 3 min but the linearity, 
LOQ and LOD was established only for atorvastatin lactone [43]. 


CE method was also developed for the separation and simultaneous determination of 
atorvastatin and amlodipine in their combination formulations [116]. Degradation products 
produced as a result of stress studies did not interfere with the detection of both drugs and 
the assay can thus be considered stability indicating. 


The CE method was developed for the enantiomeric purity determination of fluvastatin 
enantiomers [117]. Its principle involves the formation of diastereoisomer complexes after 
addition of neutral cyclodextrin to the running buffer. Fluvastatin enantiomers were 
separated on an uncoated fused silica with 100 mM borate solution containing 30 mg/mL of 
(2-hydroxypropyl)-B-cyclodextrin as running buffer and fenoprofen as an internal standard. 
The limit of detection and quantification for (+)-3R, 5S and (-)-35, 5R-fluvastatin were 1.5 
ug/mL and 2.5 pg/mL, respectively. Compared to chiral LC separations, CE analyses are 
cheaper (no chiral column, no solvent, low consumption of chiral selector) and peak 
efficiencies are higher by one order of magnitude. 


There is only one CE method for quantification of rosuvastatin [118]. Currently, for 
rosuvastatin only a limited number of analytical methods are reported in literature. This is 
due to the fact that rosuvastatin is a new statin introduced in the EU in 2002 and approved 
in the US in 2003. 


Using neutral B-cyclodextrin as chiral selector, the CZE method has been established for the 
chiral separation of pitavastatin calcium enantiomers [119]. Pitavastatin is a novel statin that 
potentially represents an important addition to the cardiovasculary therapy. In view of this, 
simple and efficient capillary electrophoretic methods for the determination of rosuvastatin 
and pitavastatin are highly required. 


5. Simultaneous analysis of statin drugs 


Since statins differ in their structure, analytical methods for their determination are 
developed individually. In fact, since statin drugs are never co-administered together 
during treatment of hyperlipimidemia, some authors even argued that there is no need for 
their simultaneous analysis. However, lately papers have been published that propose 
analytical methods that enable separation, identification and quantitative determination for 
two and even all six statins simultaneously in a single run. This kind of method would allow 
determination of any statin available on the market without the need of developing a new, 
separate, individual method for each statin, and could by used for simultaneous analysis of 
pharmaceutical dosage forms or in routine clinical monitoring. 


A HPTLC method was published using precoated silica gel 60F 254 aluminum sheets and 
detection carried out at 239, 238 and 310 nm for determination of simvastatin, pravastatin 
and rosuvastatin in tablet dosage forms, respectively [120]. Far to our knowledge first 
HPLC-PDA method for simultaneous analysis of atorvastatin, lovastatin, pravastatin, 
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rosuvastatin and simvastatin was reported for determination in pharmaceutical 
formulations and in vitro metabolism studies [121]. An uncommon gradient method using 3 
mobile phase reservoirs was employed. Downside of the method is relatively long analysis 
time of 40 minutes and fluvastatin not being included in the simultaneous analysis. 


An interesting method for pharmaceutical analysis of atorvastatin, simvastatin and 
lovastatin using a charged aerosol detector (CAD) was published [122]. CAD is a universal 
detector for HPLC that operates regardless of the physiochemical and spectral properties of 
non-volatile analytes. It can provide data complementary to UV or MS detectors. The eluent 
from the HPLC column is first nebulized and then charged. A highly sensitive electrometer 
generates a signal proportional to the analyte quantity. Although CAD is considered as a 
non-linear detector, the authors found a perfectly linear response (R > 0.9995). Sensitivity of 
the CAD detector was two folds greater then the UV detector; LOD of atorvastatin 
measured with UV and CAD detectors was 0.17 ug/mL and 0.08 ug/mL, respectively. 


A HPLC-UV method for quantification of rosuvastatin, atorvastatin, fluvastatin, lovastatin 
and simvastatin and four fibrates in pharmaceutical dosage forms was developed [123]. In 
this paper a simple GC-FID method was also proposed for identification of atorvastatin, 
lovastatin and simvastatin along four fibrates. 


Two stability-indicating HPLC methods for quantitative determination of pravastatin, 
fluvastatin, atorvastatin and rosuvastatin in pharmaceuticals were developed [124]. 


Methods for their simultaneous determination in biological samples could provide easy 
quantification of drug level in human plasma without changes in the chromatographic 
procedures for individual statin. Despite the fact that these drugs seem to be structurally 
similar, development of the method for their simultaneous determination in complex 
biological samples is quite challenging task as they differ significantly in terms of solubility, 
polarity, stability as well as optic characteristics. Until now several analytical methods have 
been developed for the determination of statins in biological samples simultaneously, 
simvastatin and atorvastatin [83], rosuvastatin and atorvastatin [90], simvastatin, 
pravastatin, rosuvastatin and atorvastatin [92]. 


Investigation of statins in the environment has become an important issue in the last years due 
to their large worldwide consumption and their potential adverse effects on animal and 
human health. Three different preconcentration techniques including solid phase extraction, 
dispersive liquid-liquid microextraction and stir-bar sorptive extraction have been optimized 
and compared for the simultaneous analysis of statin drugs in wastewater and river water 
samples by HPLC coupled to quadrupole-time-of-flight mass spectrometry [125]. 


Due to low sensitivity of CE, three on-line preconcentration strategies were investigated for 
the analysis of charged and neutral statins by MEKC [126]. A background electrolyte 
consisting of 20 mM ammonium bicarbonate buffer (pH 8.50) and 50 mM SDS was used for 
the separation of all statin molecules including mevastatin. The methods were applied for 
the analysis of statin analytes in wastewater samples. The more frequently prescribed statins 
are of environmental concern. Consequently, sensitive methods for investigation of 
distribution of statin drugs in the environment are very valuable. 
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We have introduced a universal MEKC method with diode-array detection for the 
simultaneous and short-time analysis of lovastatin, simvastatin, pravastatin, fluvastatin, 
atorvastatin and rosuvastatin in a single run [127]. Base hydrolysis was used to open lactone 
ring of lovastatin and simvastatin, administered as lactone prodrugs, in order to transform 
these compounds to the corresponding acid forms before analysis. This approach offered 
shorter analysis time due to a decrease of the migration times of negatively charged statin 
drugs in comparison to neutral lactone forms. The first step in CE method development for 
optimizing the separation of ionisable statin molecules was the selection of the buffer pH, 
which determined the extent of ionization and mobility of each drug. As reported in the 
literature, statins with B-hydroxy acid forms have pKa values between 4.1 and 4.6 [128] and 
statin molecules are completely in anionic forms above pH 6. Surfactant was added to the 
electrolyte to improve the selectivity of the separation. With SDS, negatively charged statins 
molecules were not strongly attracted to the micelles, and drug molecules were separated as 
a result of differences in their electrophoretic mobilities and lipophilicity. The addition of an 
organic modifier in the presence of SDS in the electrolyte solution played a key role in the 
separation of statin molecules. The addition of an organic modifier changes the selectivity 
and migration times due to the change in electrolyte viscosity, dielectric constant and the 
zeta potential. The SDS micelles and methanol in the concentration of 10% v/v added to the 
borate buffer (pH 9.5) were employed in order to reduce the analysis time while 
maintaining good resolution between all six statins. The new developed MEKC method 
enabled a powerful separation and simultaneous, simple and rapid determination of six 
statins in 5 min (Figure 3). The method developed was successfully applied to analysis of six 
different pharmaceutical dosage forms of statin drugs. 
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Figure 3. Electropherogram of a simultaneous analysis of statins 
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6. Conclusion 


Development of the analytical methods for identification, purity evaluation and 
quantification of statin drugs has received a great deal of attention in the field of 
pharmaceutical analysis in recent years. This review includes trends and advances in 
separation methods developed for the analysis of statin molecules with different physical 
and chemical properties. The chapter surveys the application of chromatographic techniques 
for the determination of statins in pharmaceutical dosage forms and biological samples. 


Stability indicating methods and papers describing impurity profiling are discussed in this 
review. Special emphasis is given to sample preparation as unavoidable and delicate step in 
bioanalitical methods for quantification of statins and their metabolites. The hyphenated 
technique that incorporates the efficient separation using liquid chromatography and 
sensitive detection by mass spectrometry has become an indispensable tool for quantification 
of statins in biological fluids and pharmacokinetic studies. Methods describing simultaneous 
analysis of different statins as well as drugs in combined pharmaceutical products and other 
co-administered drugs in therapy of cardiovascular disease are also described. The 
application of capillary electrophoresis as alternative separation technique for statins is 
considered and compared with chromatographic methods. 


The use of statin drugs has augmented in recent years and is expected to increase further in 
the years ahead because high cholesterol and cardiovascular diseases are being diagnosed 
more frequently. Therefore, the development of new analytical methods for commercially 
available statins as well as novel upcoming statin drugs will be a future challenging task for 
many analysts. 
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